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Abstract 
 
Braided textile reinforced composites become increasingly attractive as protection 
materials in sports (e.g. hockey sticks, helmets and shin guard) due to their high structural 
stability and excellent damage tolerance. There are requirements to develop an effective 
way to enhance product optimisation, test and design; however, the mechanical 
behaviours and energy dissipation mechanisms of braided composites have not been fully 
understood. There are no numerical modelling paradigms which are widely accepted due 
to the sheer complexity of the problem. Therefore, the aim of this thesis is to build a 
robust multi-scale modelling framework which will account for damage in the composite 
under static and dynamic loading states. Validated with corresponding experiments, the 
modelling capability should finally allow us to design braided composite structures for 
targeted performance before they are manufactured.  
 
In this thesis, the multi-scale pyramid of modelling braided textile composites was built 
up from micro-scale model, consisting with individual fibres, epoxy matrix and their 
interfaces. Material properties of these constituents, regarded as the most fundamental 
inputs, were characterised experimentally. The obtained results not only provided reliable 
references for further investigation of the carbon fibre and fibre/epoxy interface, but also 
delivered precise material inputs to the micro-scale model, which was successfully set up 
to compute three-dimensional strengths and moduli of fibre yarns.  
 
Then, the virtual descriptions of the interlaced geometries of braided composites were 
developed in a meso-scale model. Employing the meso-scale unit cell, the non-linear 
mechanical response of bi-axial braided composites was predicted. Hashin’s 3D failure 
criteria and continuum damage mechanics applied in failure analysis were proved to be 
effective. This study also elucidated that, yarns suffered from continuous failure during 
axial tension, and the effects of matrix damage become prominent with an increase in the 
braiding angle, causing a decrease in ultimate strength and the Young’s modulus. 
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In addition, explicit simulations were developed to study responses of braided composites 
to both single and repeated low-velocity impacts using ABAQUS/Explicit with the 
VUMAT subroutine in a macro-scale model. The simulated results were verified by 
original data from the drop-weight tests. By applying the simulation method, the load 
evolution, energy dissipation, delamination area and damage accumulation could be well 
predicted under dynamic loading. Meanwhile, the main damage mechanisms of braided 
composites were analysed, by means of Micro-CT scan, including micro-cracks, 
delamination, matrix failure, fibre breakage and, uniquely for the braided composites, 
inter-yarn debonding. The experiments also indicated damage accumulation of braided 
composites strongly depended on normalised impact energy.  
 
Finally, two case studies applying the multi-scale modelling approach were introduced to 
optimise energy-absorption and impact-attenuation performance of a shin-guard structure 
for sports application. The results showed that interfacial strength and fracture energy can 
be designed in an optimal zone to balance structural integrity and energy absorption of 
braided composites. Moreover, shin-guard structure with ±45° bi-axial braided composite 
layer had better performance than ±25° braided structures. Two case studies 
demonstrated that the developed multi-scale modelling approach was effective for sports-
product design. The performance of braided composites could be predicted by modifying 
features of constituents, instead of experimental attempts. Conversely, numerical results 
provided guidelines for optimisation of structures and properties of constitutive material 
in different length scales.  
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Chapter 1 Introduction 
 
Introduction 
 
This chapter gives a brief introduction to the whole thesis. First, a general 
background and problems existed in previous studies are stated. Braided 
textile composites are attractive and promising for sports protection. In 
order to improve material design, the behaviours of braided composites 
should be properly understood; however, it is difficult to unveil all the 
mechanisms with regard to non-homogenous nature inside the materials. 
Investigations on braided textile composites involving various loading 
conditions, the energy absorption capacity and energy dissipation 
mechanisms are limited. A widely accepted numerical modelling paradigm is 
lacking. Based on these facts, the methodology, objectives and scopes of this 
study are presented, followed by the outline of this thesis. This thesis aims at 
building up a pyramid of the multi-scale modelling approach for braided 
textile-reinforced composites, improving the accuracy of failure modelling 
and investigating the mechanisms of material behaviours under static and 
dynamic loading conditions. With outcomes of this research, the mechanical 
behaviour of braided composites can be easily predicted without expensive 
tests. Finally the main achievements and findings of this work are briefly 
listed in this chapter. 
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1.1 Background 
 
Sporting activities always have a potential risk of injury from impacts and collisions. In 
order to reduce the risk, protective equipment is designed usually with a rigid outer shell 
and a soft liner (e.g. the helmets and the shin guards). Generally, the outer shells are 
fabricated from polycarbonate (PC) or other suitable plastics [1]. Liners, used to dissipate 
energy from the impacts and collisions, are made from expanded polystyrene (EPS) foam. 
However, the protective performance depends on the energy absorption ability of lining 
material extensively rather than the hard outer shell [2]. Recently, carbon fibre reinforced 
polymers (CFRP) are investigated to make outer shell because the composite shells have 
better capability of energy dissipation than their plastics counterparts owing to more 
damage modes [3]. Within CFRP, textile fabrics reinforced composites have received 
considerable attention in recent years because they have higher fracture toughness and 
better energy absorption capacity compared to pre-preg and laminated composites [4-6]. 
 
Figure 1. 1 Bi-axial and tri-axial braids. 
Among many types of textiles available, braided preforms provide high versatility in 
terms of fibre orientation and preform cross-sections, and can be made into near-net-
shape of the final product. Braiding, similar to woven technique, is a fabric method to 
interweave fibres into textile composites. The main characteristic of braided structure is 
the flexibility to achieve variable geometric shapes with high volumes of parts in a cost-
effective way [7]. Two-dimensional (2D) braided composites can be divided into bi-axial 
braids and tri-axial braids, depending on the category of tows in the structure, as shown 
in Figure 1.1. The bi-axial braids have two sets of bias yarns intertwining at an angle of 
2θ, where θ is defined as the braiding angle, typically ranges from 15° to 75°. Woven 
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structure can be regarded as a special type of bi-axial braids with braiding angle of 45°; 
and the longitudinal loading direction of woven braids is always along yarns’ direction. 
Differently, the tri-axial braids have a group of axial yarns equiangularly inserted 
between two braided bias yarns. Furthermore, there are three main braiding patterns as 
shown in Figure 1.2, namely diamond braids (1×1), regular braids (2×2) and Hercules 
braids (3×3), respectively. The diamond braids have two sets of yarns passing under and 
then over each other; the regular braids are defined by a two below and two above 
interlacing pattern, while the Hercules braids have three yarns passing below and above 
another three [8]. Three-dimensional (3D) textiles structure has yarn interlock in the 
thickness directions (e.g. 3D braided, 3D woven and knitted). Both 2D and 3D braided 
architectures can be fabricated by many ways, such as two-step or four-step method of 
rectangular braiding, tri-axial braiding, circular braiding, and other displacement braiding 
techniques [9]. 
 
Figure 1. 2 Three patterns of biaxial braids [8]. 
It is because the unique undulation and interlacing of the braided structure, the macro 
cracks have no clear path to propagate in epoxy matrix, and the propagation can be 
arrested at inter-sections of yarns. As a result, the composites reinforced by braided 
textiles exhibit a high structural stability and excellent damage tolerance [4]. In addition, 
the easiness of incorporating different types of yarns enables the design the final 
composites with desired mechanical and physical properties including higher stiffness-to-
weight and strength-to-weight ratios, fracture toughness, impact resistance, energy 
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absorption capacity and so forth [5]. All these advantages have made braided composites 
very attractive not only to defence, aerospace, automotive and energy industries, but also 
to sports protection [5]. 
 
1.2 Motivation and Problems 
 
In order to bring the benefits to sports protection and beyond, the mechanical responses 
of braided composites should be properly understood. Currently, the investigations are 
generally achieved by mechanical testing in conjunction with modelling and simulation. 
The modelling capability should finally allow us to design braided composite structures 
for specific targeted performance (stiffness, strength, impact energy absorption, damage 
tolerance, etc.) before they are manufactured.  
 
With such visions, three main problems are to be investigated. (1) To begin with, the 
effect of the braiding architecture of yarns on the mechanical behaviour of the material is 
significant. Although some failure modes have been observed through extensive 
experimental studies, it is difficult to unveil all the mechanisms with regard to non-
homogenous deformation, damage initiation and crack propagation inside the materials. 
In the experiments, the strain is not precisely measured because of the intrinsic non-
uniform deformation caused by the different constituents. In addition, more advanced 
techniques are required to capture micro-cracks during progressive failure and invisible 
impact damage under dynamic loading. 
 
(2) Furthermore, for optimal composite designs, (i.e. type of braiding, number of fibres, 
layout, etc.) a robust multi-scale modelling framework is needed which accounts for the 
underlying physical mechanisms that drive deformation and damage in the composite 
under static and dynamic loading states. In the process of modelling and simulation, the 
inter-yarn interaction properties are extremely important because these characteristics 
need to be studied to identify optimal braiding designs for each component and the entire 
structure. However, although extensive efforts have been made to predict the 
performance of braided textiles composites, there are no modelling paradigms which are 
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widely accepted, due to the sheer complexity of the problem [6-11]. Therefore, a reliable 
modelling capability needs more attempts aiming at applying flexible geometries, 
validating accurate damage mechanics and decreasing computational costs. 
 
(3) Finally, there are limited investigations on braided textile composites involving the 
energy absorption capacity and energy dissipation mechanisms during various loading 
conditions. In order to design protective equipment for sports application, it is not enough 
to consider structural integrity but also fracture toughness of candidate materials. It is 
believed that braiding process, the structure of yarns and the mechanical response affect 
the energy dissipation capacity of the composite products in their own ways. Hence, it is 
even challenging if prediction and optimisation of these characters should be included in 
3D finite-element (FE) models [12]. 
 
Therefore, addressing these gaps in research, the proposed work in this thesis is of 
prominence for both materials science research and sports based applications. 
 
1.3 Objectives and Scopes 
 
This thesis aims at building up a pyramid of the multi-scale modelling approach for 
braided textile-reinforced composites, improving the accuracy of failure modelling and 
investigating the mechanisms of material behaviours under static and dynamic loading 
conditions. With outcomes of this research, the mechanical behaviour of braided 
composites can be easily predicted without expensive tests. The numerical capability 
decreases the cost of product design and optimisation. Based on the concept of multi-
scale modelling approach, the research is organised according to different length scales of 
the braided composites. 
 
For modelling and simulation, it will start off in the micro-scale, where individual fibres 
and fibre/matrix interaction will be modelled. The damage mechanisms that drive failure 
will be investigated by the simulations. The effective material properties of fibre yarns 
can be predicted. Based on the micro-scale studies we will develop meso-scale 
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constrictive models which will allow for component designs. A 3D versatile geometric 
unit cell is built which is highly dynamic, capable of simulating textile tightening, yarn 
deformation, and spatial constraint. The strength of braided composites will be predicted 
associated with advanced damage mechanics model. In macro-level, research focus is on 
the energy dissipation so as to minimise post impact trauma under single and repeated 
impacts. This will be unique, since studies are typically limited to structural integrity of 
the component (for example the helmet should not suffer severe damage) or single impact 
scenarios (hockey puck hits the body amour once), when in reality neither of these cases 
suffice the real needs in a sports environment. Overall, by means of the multi-scale 
modelling approach, the damage mechanisms, interface failure and energy absorption of 
braided carbon fibre/epoxy system will be systemically investigated. 
 
To support the modelling and simulation, the properties of constitutive materials are 
tested since these parameters are essential for simulation straightforwardly. These critical 
inputs include material constants, strength values and constitutive laws for individual 
carbon fibre and epoxy. In addition, through appropriate experimental methods, the 
fibre/matrix interfacial strength and fracture toughness are evaluated. For the meso-scale 
simulation, all the models will also be validated with experiments, under static and 
dynamic loads. These experiments are necessary to help characterise the composite 
accurately across the spatio-temporal length scales. In addition, dynamic responses of 
braided composites under given loading conditions will be studied for a better 
understanding of mechanical and damage behaviour of braided composites. The 
mechanical properties of the composites after dynamic impact will be estimated. 
Meanwhile, we will also measure the abilities of energy absorbing and dissipation in the 
impact scenarios. 
  
1.4 Dissertation Overview 
 
The overall methods of this thesis consist of computational and experimental part. Figure 
1.3 illustrates the organisation of this dissertation. Topics and main contents of each 
chapter are addressed as below. 
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Chapter 1 provides an introduction to the whole thesis. First, a general background and 
problems existed in previous studies are stated. Then the methodology, objectives and 
scopes of this study are presented, followed by the outline of this thesis. Finally the main 
achievements and findings of this work are briefly listed. 
 
Chapter 2 summarises the recent progress and research gaps of multi-scale modelling and 
damage analysis of braided composites.  
 
Chapter 3 conducts experiments to systemically test properties of constitutive materials. 
Then, the carbon fibre/matrix interface was investigated, including effects of surface 
treatment on interfacial adhesion and fracture toughness. The interface strength and 
toughness manipulation has the potential to significantly improve the composite 
performance. Finally, a micro-scale model was developed to compute the effective 
properties of fibre yarns using inputs from obtained experimental results. 
 
Chapter 4 investigates mechanical behaviour of bi-braided composites subjected to 
tensile and flexure loading and predicts strength values with meso-scale model. The 
predictive capability of the developed models was illustrated with relevant mechanical 
tests. 
 
Chapter 5 simulates response of braided composites to low-velocity impact. Specifically, 
both surface- and element-based cohesive-zone models were analysed. The plane and 3D 
continuum damage mechanics (CDM) formulations were adopted respectively. The 
experimental data were compared to the simulated results, and the main energy 
dissipation mechanisms of the braided composite were discussed. 
 
Chapter 6 studies damage accumulation in the braided composites during repeated 
impacts both experimentally and numerically.  
 
Chapter 7 shows applications of numerical methods in design and optimisation of sports 
protective application by two case studies.  
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Chapter 8 concludes main achievements and findings of this study and gives suggestions 
for future work. 
 
 
Figure 1. 3 Overall organisation of thesis. 
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1.5 Findings and Outcomes/Originality 
 
This thesis leads to following novel outcomes: 
 
1. A series of FE models for braided textiles-reinforced composites is developed 
considering realistic geometries and different length scales. The computational accuracy 
of the multi-scale modelling approach is improved from micro-scale model, in which 
properties of individual carbon fibre and epoxy are systemically characterised by 
experiments. Hashin failure criteria associated with the continuum stiffness degradation 
method are incorporated into meso-scale models and validated by relevant experimental 
observations. The models are able to predict strength values and failure modes of braided 
composites under static loading very well. 
 
2. The multi-scale models are highly effective and efficient when dealing with 
dynamic problems. Impact resistance (peak force) and energy absorption of braided 
composites subjected to low-velocity impact can be reasonably obtained.  Comparative 
studies show the advantages and limitations of applying 2D/3D elements and surface-
/element-based cohesive-zone models. For the first time, damage accumulation and 
energy dissipation of braided composites during repeated impacts are also investigated by 
numerical method. 
 
3. Experiments conducted in this thesis not only provide validations for FEM study, 
but also unveil typical damage mechanisms of braided composites under both static and 
dynamic loading. The results show that tensile strength and effective modulus of bi-axial 
braided composites are strongly depended on braiding angles. With an increasing 
braiding angle, the effects of matrix damage become prominent and yarns suffer from 
continuous failure. Under low-velocity impact situations, rate of damage accumulation 
under repeated impacts is depended on normalised impact energy. Inter-yarn debonding 
is observed as a unique damage mechanism of braided composites besides delamination, 
matrix failure and fibre breakage.  
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4. The numerical and experimental studies also provide guidelines for product design 
to achieve better energy absorption and attenuation capability in sports use. The results 
show that with increasing interface strength, interface damage is hindered so that less 
energy is dissipated during impact. On the other hand, too weak an interface leads to poor 
structure integrity. Using numerical method, fracture energy can be designed to optimise 
good energy absorption of braided composites without losing structure integrity. The 
conclusions are consistent with results of microscopic experiments on fibre/epoxy 
interface, showing that moderate surface treatment is necessary to improve the adhesion 
of fibre/epoxy interface without damaging interfacial toughness. The results also show 
that shin-guard structure with ±45° bi-axial braided composite layer has better 
performance than other braiding angles with regard to shock attenuation and energy 
absorption. The impact attenuation is achieved by redistribution of load and the 
dissipation of energy through delamination and matrix failure. 
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Chapter 2* Literature Review 
 
Literature Review  
 
In this chapter, a brief history of braided textile composites research 
and basic concepts of the multi-scale modelling are firstly introduced. 
Then, it focuses on the state-of-the-art progressive damage analysis of 
braided composites with finite-element (FE) simulations. In addition, 
recent models employed in the studies on mechanical behaviour, low-
velocity impact and repeated impacts response of braided composites 
are systematically presented. Finally, the major research gaps are 
discussed based on the literature surveys. First, yarn geometries and 
the length-scale effect should be better considered in modelling 
methodology. Second, it is still challenging to accurately predict 
progressive failure behaviour of braided composites by FE models 
even under simply static loading conditions. Multiple failure modes 
should be described in computational mechanics. Third, modelling 
work under dynamic loading conditions is insufficient, with difficulties 
in obtaining high accuracy and good computational efficiency at the 
same time. 
  
 
 
 
 
 
*This section published substantially as C. Wang, A. Roy, V. V. Silberschmidt, and Z. Chen. Mechan. Adv. 
Mater. Modern Process. 2017, 3, 15-47. 
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2.1 Studies on Braided Composites 
 
In order to enhance understanding of braided composites, it is crucial to evaluate 
properties and predict their failure under static and dynamic loading. On the other hand, 
this topic is still quite challenging, considering complicated braided structures of such 
composites, rendering nonhomogeneous and anisotropic properties at the constituent 
level. 
 
Extensive efforts in analysis of braided textile composites have been made since 1980s, 
with most studies aimed at investigating their mechanical behaviour using analytical 
and/or experimental approaches. Naik et al. [1] presented a 2D model to calculate the 
elastic constants of a plain-weave lamina. Quek et al. [2] also obtained the effective 
modulus of tri-axial braided composites by an analytical model. Miravete et al. [3] 
applied a meso-mechanical model to calculate the properties of braided composites based 
on the theory of superposition. In these analytical schemes, elastic constants of textile 
composites were estimated from homogenised equivalents of the representative unit cell 
(RUC) structure using the rule of mixtures. The predicted levels of strengths were 
generally higher than those in experimental observations; these higher values were 
attributed to limitations of linear elastic assumptions in the analytical expressions [1, 2]. 
Falzon et al. [4] and Dauda et al. [5] tested braided composites under static tension, 
compression and shear load, respectively. Littell et al. [6] overcame the limitations of 
strain gauge and characterised the deformations of braided composite under tension 
through advanced optical measurement. Masters et al. [7] highlighted the effects of the 
fabric preform structure on the mechanical response of tri-axial braids. As the first stage 
researches of braided composites, above analytical and experimental investigations did 
not have the capability to provide stress and strain distributions throughout braided 
patterns or fundamental information on damage modes inside the braided composites. In 
addition, experimental studies were regarded as expensive and time-consuming [3-8]. 
Thus, it became necessary to seek assistance of powerful computer-aided-design (CAD) 
and computer-aided-engineering (CAE) tools to clarify damage mechanisms of braided 
structures and to predict the ultimate strength of composites with such structures.  
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Nevertheless, it is not easy to develop a reliable model to simulate real braided structures 
due to the interlacing of yarns and complexity of the braided geometry. One of the 
difficulties in modelling fabric composites is an inhomogeneous distribution of fibre 
yarns in them. In the braided reinforcement, for instance, each yarn may consist of more 
than 12,000 fibre filaments. A pioneering work was done by Lomov et al. [9] who 
developed a software tool, WiseTex, for geometry modelling of internal structure of 
textile reinforcement, such as 2D/3D woven, bi-/tri-axial braided and knitted etc., 
transferring data into general FE codes, as shown in Figure 2.1. Fibre yarns cross section 
and undulations could be explicitly modelled and also controlled as required. A similar 
work was carried out by Textile Composites Research Group at the University of 
Nottingham in UK. A Python-based open-source software, TexGen [10], combined 
geometry building with volume-meshing algorithms. Both of these two software 
packages could handle orthogonal textile structures, like woven, but they had difficulties 
to handle issues like intersections of flat yarns in non-orthogonal structures, such as 
braided, especially when high global fibre volume fraction was desired [11].  
 
Figure 2. 1 Different geometry models built by (a) WiseTex, (b) TexGen and (c) Solidworks 
[9-11]. 
Recently, virtual descriptions of the geometries of braided textiles were developed using 
3D SolidWorksTM and CATIA [12, 13]. These versatile geometric unit cells were highly 
flexible and dynamic in nature, capable of simulating textile tightening, accommodated 
by yarn deformation and spatial constraint. The unit-cell geometries were then fed into 
FE analysis packages to determine their individual and continuum-mechanical 
characteristics [12]. This method was accordingly conducted in this study. 
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With capabilities of building geometry models, researcher teams implemented FE 
analysis to study effective mechanical properties and elastic response of braided 
composites. In most of these attempts, a RUC was used to evaluate the mechanical 
behaviour of the whole composite structures equivalently [14-17]. Tsai et al. [18] 
estimated the effective elastic constants of 2D braided composites by using a 
parallelogram spring model. Peng et al. [19] predicted the effective elastic constants and 
stress distribution of 2D bi-axial non-orthogonally braided composites. Xu et al. [20] 
investigated the moduli of braids by 3D RUCs. Whitcomb et al., [21] gave the stress and 
strain distribution of regular braids in a yarn. Pickett et al. [22] systemically modelled 
different geometries of fibre tows and braided patterns by the explicit FE method. Overall, 
it was found that the modelling results were in a good agreement with the counterparts 
obtained by experimental tests. It was noted that the effective elastic constants and the 
stress distribution in braided textile composites were influenced by a number of factors 
including waviness ratio, fibre volume fraction, braiding angles and so forth [21]. Some 
systematic investigations focused on predicting the elastic constants of braided 
composites involving the effect of braiding process were nicely presented [12, 13].  
 
Notwithstanding, it is still challenging to accurately predict damage of braided 
composites by FE models even under very simple static load because of mainly two 
reasons. First, it is not enough to evaluate damage of braided composites only 
considering a single length scale. In order to clarify the damage mechanisms of braided 
structure and predict the ultimate strength, many investigations have been carried out 
with as-mentioned RUCs by meso-mechanical methods [3], FE with a constitutive 
method [23-25], micromechanics-based FE model [26] and detailed FE meso-
representation method [3, 27]. Unfortunately, when meso-scale models were applied in 
whole structural level, some of these methods lacked computational efficiency because of 
increasing geometrical features, element number and contact pairs. Therefore, a well-
known mosaic model and a sub-cell model [28] were developed to simplify the geometry. 
In the former, a composite structure was discretised into a mosaic assemblage, with each 
brick element having distinct material properties [29]. Instead of being homogenized, the 
RUC of sub-cell model [30] was decomposed into three or four sub-cells, and their 
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effective elastic constants were obtained by micromechanical analysis [28] employing 
equivalent [31, 32] or idealized laminate [33]. FE models for the RUCs were 
subsequently constructed using solid elements of each set of property according to their 
locations in the RUC. Based on this approach, a generalized method of cells (GMC) was 
developed [34, 35]. Using GMC, Liu et al. [36] built a framework for a three-scale 
analysis of tri-axially braided composites, and effective properties of the RUC at each 
scale were determined. The advantages and shortcomings of these methods were pointed 
out by Fang et al. [37]. The main advantage was that the meso-scale models obtained 
with these methods could be meshed easily. However, this scheme faced the challenges 
of internal continuity and stress-singularity problems, which were caused by distinctive 
elastic properties of two adjacent mosaic blocks [38]. In addition, it was believed that 
structural-level properties of braided composites were influenced by fabric structures that 
had much smaller scales of length than the actual composite. Recently, more research has 
paid attention to the relationship between constitutive materials, braided structure and 
properties of final composites. Since the realistic meso-geometrical configuration is still 
important to be described and included, it is better to consider a multi-scale approach to 
study non-homogenous material response with different length scales [39, 40]. The multi-
scale approach is introduced in detailed in Section 2.2. 
 
The second reason makes damage prediction of braided composites challenging is that 
failure models suitable for braided composites are still under investigation since their 
failure behaviours are complicated and failure modes can vary under different loading 
conditions. With regard to this point, a review of progressive damage analysis of braided 
composites with FE methods is presented in Section 2.3. 
 
2.2 Multi-scale Modelling Approach of Braided Composites 
 
The multi-scale modelling approach is inspired by the process of braided production 
which takes place as follows: continuous fibres, called filaments, are firstly assembled 
into yarns, then winding into braids using machines. The resulting preform is then 
impregnated with a liquid polymer (thermosetting or thermoplastic) by means of resin 
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transfer moulding (RTM). From the processing, three structural scales are usually defined 
as macro, meso and micro to consist the textile composites [41]. Process of 
homogenisation links material properties between two neighboured scales, as shown in 
Figure 2.2.  
 
Figure 2. 2 Illustration of the multi-scale modelling approach. 
According to Figure 2.2, the micro-scale defines the packing pattern inside the yarns. It 
links the properties of fibre yarns to the properties of the fibre filaments and epoxy. A 
RUC is always selected as the smallest unit to start with as first level homogenisation to 
obtain material parameters for fibre yarns. The method is quite similar to that for single 
ply laminar property prediction [42]. Compared with meso-scale models, the definition of 
braids in micro-scale models is more simplified. Hence, local on micro-scale means the 
constitutive properties of fibre and epoxy, as well as the interface. Homogenised global 
level properties of micro-scale are used as the local parameters on meso-scale.  
 
Different from micro-scale models of braided composite, meso-scale models represent 
braided geometry explicitly. Moreover, it defines the internal architectures of the fibre 
yarns (variation of yarn orientation, yarns undulation as well as yarns contacts). In 
addition, volumes of fabric reinforcement and matrix are distinguished and specific 
material properties are assigned accordingly. The dimensions of the meso-scale model are 
related to actual braids. The analysis of braided composites in meso-scale will lead to 
inhomogeneous stress distribution over the RUCs, which is different from the results 
obtained by most of micro-scale approaches. Furthermore, by implementing specific 
failure behaviour into distinguished phases, damage initiation and development are able 
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to be investigated [32]. On meso-scale, the local means the homogenisation of properties 
on the scale of impregnated yarns in terms of fibre volume fraction inside yarns. The 
global on meso-scale equals to the local on macro.  
 
The macro-scale defines geometry of composites structures and the distribution of local 
material properties. On macro-scale, the local means the averaging of the properties on 
the scale of unit cells of textile composites, namely meso-scale; and global means 
structural level properties (global fibre volume ratio, composite structure stiffness and 
strength, etc.). In the multi-scale modelling procedure, the meso-scale model is regarded 
as the most crucial one since it links the macro- and micro-scale model. 
 
The above three scales of homogenisation form the idea of multi-scale modelling of 
braided composites. Apparently, in a multi-scale model, different levels of model are 
analysed subsequently. Transferring from local to global, the results are shared from 
micro- to macro-scale. It is believed that multi-scale FE modelling of braided composites 
provides maximum information on the geometry and local stress strain distribution [43]. 
However, the multi-scale approach has been used widely to investigate unidirectional 
(UD) laminated composites and woven textile composites, the applications to braided 
composites are still limited. 
 
To obtain the material parameters of fibre tows, the periodic fibre arrays are commonly 
modelled using square and hexagonal array RUCs, as illustrated in Figure 2.3. The fibre 
fraction of a square RUC is usually smaller than 78.5%, while the fibre fraction in tows is 
around 90%. Therefore, the hexagonal RUC, which can achieve the requirement of high 
fibre fraction, is a better choice. Using different RUC, Yan and Hoa [44] obtained a 
closed form expression for effective stiffness of 2D braided composites by the analysis of 
elastic deformation energy based on a RUC. Zebdi et al. [45] proposed an inverse 
approach based on plate laminate theory to back calculate the virtual ply properties. 
Matveev et al. [46] analysed fibre strength distribution numerically from micro to macro-
scale taking into account the size effect and its transition between scales. Admittedly, 
micro-scale modelling can deliver a fast and approximate way to simulate complicated 
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braided composites and can be used as the first level homogenisation in multi-scale 
modelling. Nevertheless, three problems still have to be pointed out. Firstly, for above 
examples, including all other classical laminate theories applied on textile composites, 
the undulation and shear effect are neglected [47]. Secondly, the interface between fibres 
and matrix has not been modelled. The last and the most importantly, precise simulations 
depend on accurate inputs; however, the inputs of constitutive material properties, partly 
from complex and demanding experimental tests and partly estimated from the literatures, 
are not accurate.  
 
Figure 2.3 (a) Square and (b) hexagonal array configurations of a RUC. 
Part of reported data of carbon fibre and epoxy are listed in Table 2.1 and Table 2.2, 
respectively. In the tables, in terms of fibre properties, subscript 1 indicates longitudinal 
direction, 2 and 3 indicate transversal direction. T, C and s mean the strength values are 
under tension, compression and shear load. It is apparently according to Table 2.1 and 2.2 
that the cited properties of constitutive materials do not have consistency even with the 
same product code shared. The discrepancy can be attributed to different test 
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methodologies and experimental errors. As a result, it negatively affects the accuracy of 
micro-scale predictions which is based on these material parameters. 
Table 2.1 Properties of carbon fibre reported by different literatures. 
Reference 
Miravete 
et al., 
2006 [3] 
Tsai et 
al., 
2008 
[18] 
Xu et 
al., 
2013 
[20] 
Goyal et 
al., 2006. 
[21] 
Zeng et 
al., 2004 
[48] 
Guo et al., 
2013 [49] 
Tsujikami 
et al., 
2006 [50] 
Product 
code 
Tenax 
5631 
AS-4 IM7 AS-4 - T300 - 
E1 (GPa) 210 231 303 227.53 208 220 220.483 
E2 (GPa)  72 40 15.2 16.55 6.5 13.8 13.78 
G12 (GPa)  86 20 9.65 24.82 1.65 9 8.957 
G23 (GPa)  - 16 5.45 6.89 - 4.8 6.805 
ν12 0.27 0.2 0.2 0.2 0.225 0.2 0.2 
ν 23 0.15 0.25 0.2 0.25 0.413 0.25 0.0125 
Reference 
Li, 
2010 
[11] 
Xu et 
al., 
2014 
[51] 
Bacarreza 
et al., 
2012 [52] 
Gibson, 
1994 
[53] 
Song et 
al., 
2010 
[54] 
Mikhaluk 
et al., 
2008 
[55] 
Sun  et 
al., 
2011 
[56] 
Product code - IM7 - - T700s - - 
E1 (GPa) 184.5 276 170 138 230 230 230 
E2 (GPa)  10.13 27.6 12.835 9 15 14 15 
G12 (GPa)  6.95 138 9.06 6.9 24 23 15 
G23 (GPa)  2.77 7.8 4.825 - 5.02 5.4 7 
ν12 0.296 0.3 0.27 0.3 0.14 0.73 0.2 
ν 23 - 0.8 0.33 - - 0.3 - 
σT1 (GPa) 3.931 3.8 2.523 1.448 4.9 - - 
σC1 (GPa) 1.25 2.98 1.831 1.172 - - - 
σT2 (GPa) 0.061 - 0.072 0.0483 - - - 
σC2 (GPa) 0.152 - 0.287 0.06 - - - 
τs (Gpa) 0.061 - 0.151 0.0621  - - - 
 
In terms of meso-scale modelling, FE mesh with correct geometry is the first step. 
Besides, it is crucial to implement boundary conditions and choose proper failure criteria. 
Ivanov et al. [39] utilised WiseTex to obtain the geometrical model of unit cell; damage 
of yarns was implemented by a stiffness degradation model. Fang [59] analysed damage 
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development of 3D four directional braided composites based on meso-scale FE model 
with anisotropic damage model. Xu et al. [51] used micromechanics-based damage 
model to estimate the ultimate strength of braids. Zhang et al. [60] developed a meso-
scale FE model to study the initiation and evolution of damage and the factors leading to 
final failure for tri-axial braids. These developed models can predict overall response at 
certain extent; however, one of the most common damage mechanisms, debonding or 
delamination between various orientated fibre tows is usually not studied by these models. 
Some models with large numbers of elements lead to numerical difficulties and low 
efficiency [40]. Moreover, the prediction accuracy of material behaviour needs to 
continually improve by applying reasonable damage mechanics and failure criteria, 
which will be discussed further in Section 2.3. 
Table 2. 2 Properties of pure epoxy reported by different literatures. 
Reference 
Jiang 
et al., 
2013 
[57] 
Miravete 
et al., 
2006 [3] 
Tsai et 
al., 
2008 
[18] 
Qu et 
al., 
2011 
[19] 
Xu et al., 
2013 [20] 
Goyal 
et al., 
2006. 
[21] 
Xu et 
al. 
2014 
[51] 
Song et 
al., 
2010 
[54] 
Goyal et 
al., 2008. 
[58] 
Product 
code 
- 
Hexcel 
RTM6 
- - EPON862 EPON  - 
EPON 
862 
EPON9504 
E (GPa) 2.4 2.89 3.45 3.1 3.31 2.96 3 2.7 3.21 
G (GPa)  1.7 - - 1.15 - - - - - 
ν 0.35 0.3 0.35 0.35 0.35 0.38 0.35 - 0.38 
σT (MPa) - - - - - - 65 61 - 
σC (MPa) - - - - - - 130 - - 
 
For macro-scale model, aiming at building up a constitutive model for the proposed 
composite material, more reliable working conditions have been considered to describe 
composite behaviour. The centre for composite modelling in University of Delaware had 
developed a macro-scale model which was capable of modelling failure modes including 
tensile, compression and shear as well as impacting without modelling the physical 
interface [61]. A “top-down” approach was used to characterise material parameters for 
inputs to damage model. Similarly, Xie et al. [62] simulated mode I and mix mode 
fracture of tri-axial braided composites. Zeng et al. [48] used an available macro-scale 
damage model in LSDYNA, MAT59, to simulate response of 3D braided composite tube 
under compression. Compared to UD composites, very few macro-scale models can be 
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found on textile composites, due to the difficulties to include complex undulation and 
crossing over of fibre yarns. Dynamic loading conditions are more challenging as only 
very simple models can be used and they are usually applied in the impact simulations 
due to computational efficiency (see Section 2.4). In such dynamic case, these models 
failed to predict of behaviour of fibre tows, resin effects or interface explicitly and 
improve product design. Therefore, the long-term purpose of this research is to achieve 
running simulation under both static and dynamic loading. 
 
2.3 Mechanical Behaviour of Braided Composites 
 
Most numerical attempts considering mechanical behaviour of braided composites are 
developed from previous FE schemes for laminates and, in some cases, woven textile 
composites. Such studies mainly focus on predicting effective elastic moduli and tensile 
strength of braided composites [63]. In order to study their mechanical response 
including final failure, an accurate model should account for the dominant damage 
mechanisms (e.g., fibre fracture, fibre kinking, matrix cracking and delamination) and 
complex interactions among them. Furthermore, it is preferred for damage models to 
capture the effects of interlacing and undulation of fibre yarns in meso-scale unit cells.  
 
For decades, the progressive-failure analysis (PFA) of UD laminated composites was 
applied to both braided composites and woven structures. When the PFA of composites is 
conducted, failure criteria and degradation models of constitutive material properties are 
the two most important aspects for consideration. The failure criteria are the conditions 
for evaluation of the occurrence of material damage. With development of studies on 
damage mechanisms of composites, although multiple failure criteria for composite were 
suggested, even a most accepted failure criterion might not suitable for all the conditions. 
The degradation models are mathematical representations of residual properties for each 
material damage state predicted with the failure criteria [64]. This section introduces 
some recent predictive models developed to evaluate damage of braided composites 
under static loading.  
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2.3.1 Failure Criteria 
 
To propose suitable failure criteria for composites is always a challenging and advanced 
topic since composites have been studied over at least five decades [64-76].  To date, the 
failure criteria, applied predominantly to braided composites, are still developed from 
classical damage theories of laminated composites. Garnich et al. [64] reviewed some of 
the most commonly applied criteria for UD fibre-reinforced polymers and classified them 
into either mode-dependent or mode-independent criteria. 
 
(1) Mode-independent failure criteria 
 
Mode-independent failure criteria use mathematical expressions to depict a damage 
surface as a function of strength of materials. All the polynomial and tensorial criteria 
belong to such a category. Tsai-Wu criteria are the most well-known and general one for 
composites, belonging to a type of Tensor Polynomial Criterion [65]. For practical 
proposes, the polynomial criterion is expressed in tensor notation as [67]  
 𝐹𝑖𝜎𝑖 + 𝐹𝑖𝑗𝜎𝑖𝜎𝑗 ≥ 1 (2.1) 
where i, j= 1…6. The parameters Fi and Fij are related to the composite strength in the 
principal directions. Considering the failure of the material is insensitive to a change of 
sign in shear stresses, all terms containing a shear stress to first power must vanish: 𝐹4 =
𝐹5 = 𝐹6 = 0. Then, the explicit form of the general expression is: 
𝐹1𝜎1 + 𝐹2𝜎2 + 𝐹3𝜎3 + 2𝐹12𝜎1𝜎2 + 2𝐹23𝜎2𝜎3 + 2𝐹13𝜎1𝜎3 + 𝐹11𝜎1
2 + 𝐹22𝜎2
2 + 𝐹33𝜎3
2 ≥ 1
 (2.2) 
In recent studies, the Tsai-Wu tensor polynomial failure criterion was used by McLendon 
et al. [77] and Wang et al. [78] to identify, which location(s) in the tows are the first to 
fail under a given loading. Jiang et al. [57] modified this criterion considering an 
additional bending stress and the interaction force between curved yarns to determine 
longitudinal strength of 3D braided composites under a uniaxial load. Cousigné et al. [14] 
applied the Tsai-Wu criterion to predict mechanical failure of woven composites and 
mentioned that the criterion offered a smooth continuous ellipsoidal failure surface 
efficiently without involving specific and complex failure modes. Wan et al. [16] used 
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Hill’s anisotropic plasticity model to predict failure of fibre tows. Hill’s potential 
function is a simple extension of the Mises function, which can be expressed in terms of 
rectangular Cartesian stress components. Besides the Tsai-Hill criterion [65], several 
other similar quadratic criteria have been proposed by Hoffman [71] and Chamis [72]. 
These criteria can be considered as generalised Tsai-Wu type criteria.  
 
Traditional ply-based failure criteria, such as Tsai-Wu and Tsai-Hill, consider a yarn-
matrix system as a whole and, therefore, they are not suitable to predict whether the 
failure occurs inside a yarn, a matrix, or at their interface [79]. When characterising 
failure of composites, researches focus on their homogeneity rather than anisotropic 
nature. This is inappropriate since internal unique structures of composites influence their 
properties and failure character [73]. Moreover, polynomial criteria may not be suitable 
in design, particularly for bi-axial tensile loading. Considering a non-homogeneous 
character of braided composites, mode-dependent criteria were proposed. 
 
(2) Mode-dependent failure criteria 
 
Mode-dependent criteria are generally established in terms of mathematical expressions 
based on material strengths. They consider different failure modes of the constituents. 
Because of this advantage, these criteria are adequate for PFA. Two of the simplest 
examples are the maximum-stress and the maximum-strain criteria. The former criterion 
predicts the composites fail when the stress exceeds the maximum tolerance value. Three 
different conditions of failure are considered for a maximum stress in a longitudinal 
direction, a transversal direction and for shear stresses: 
Longitudinal:  𝜎1 ≥ 𝑋𝑇 or  |𝜎1| ≥ 𝑋𝐶; (2.3) 
Transverse:  𝜎2 ≥ 𝑌𝑇 or  |𝜎2| ≥ 𝑌𝐶; (2.4) 
Shear:  𝜏12 ≥ 𝑆12 or  |𝜏23| ≥ 𝑆23. (2.5) 
In Equations (2.3)-(2.5), 𝑋𝑇 and 𝑌𝑇 denote tensile strengths in the longitudinal (X) and 
transverse (Y) directions of braided composite, respectively. 𝑋𝐶 and 𝑌𝐶 are compressive 
strengths in the X and Y direction of the composite, respectively. Indices 1, 2 and 3 are 
used to describe X, Y and Z directions, respectively. Hence, 𝑆12, 𝑆13 and 𝑆23 signify in-
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plane and two out-of-plane shear strengths, respectively. The effective normal and shear 
stress component are denoted by 𝜎𝑖 and 𝜏𝑖𝑗 (𝑖, 𝑗 = 1,2,3; 𝑖 ≠ 𝑗), respectively. 
 
Similarly, the maximum-strain criterion means that when the strain exceeds the given 
allowable value, the constitutive materials fail. These maximum criteria can be used for 
homogeneous textile composite model [80]. As simple methods to analyses composites 
failure, the major limitation of maximum-stress and maximum-strain criteria is that they 
ignore the interaction between stresses and strains in the composites. Therefore, they 
were mostly applied to specific constitutive material elements, such as failure of fibre 
[81], yarns [38] or pure matrix resin [34, 82]. 
 
In contrast, some mode-dependent failure criteria take into account interactions between 
stresses and strains (they are called interactive failure criteria, including Hashin [74], 
Puck [83] and micro-mechanics-based failure (MMF) criteria [42]. Hashin proposed 
different failure modes associated with the fibre tow and the matrix, considering, in both 
modes, differences in tension and compression [74]. The values of initiation damage 
criteria ∅𝐼 for each type of failure mode I are as follows: 
Fibre tensile failure in longitudinal direction ∅𝐿
𝑡 : (𝜎1 ≥ 0) 
 ∅𝐿
𝑡 = (
𝜎1
𝑋𝑇
)
2
+ 𝜑[𝛼
𝜏12
2
(𝑆12)2
+ 𝛼
𝜏13
2
(𝑆13)2
] = 1; (2.6) 
Fibre compressive failure in longitudinal direction ∅𝐿
𝑐 : (𝜎1 < 0) 
 ∅𝐿
𝑐 = (
𝜎1
𝑋𝐶
)
2
= 1; (2.7) 
Matrix tensile failure in transverse direction ∅𝑌
𝑡 : (𝜎2+𝜎3 ≥ 0) 
 ∅𝑌
𝑡 = (
𝜎2+𝛼𝜎3
𝑌𝑇
)
2
+ 𝛼
𝜏23
2 −𝜎2𝜎3
(𝑆23)2
+
𝜏12
2
(𝑆12)2
+ 𝛼
𝜏13
2
(𝑆13)2
= 1; (2.8) 
Matrix compressive failure in transverse direction ∅𝑌
𝑐 : (𝜎2+𝜎3 < 0) 
 ∅𝑌
𝑐 = [(
𝑌𝐶
2𝑆23
)
2
− 1]
𝜎2+𝛼𝜎3
𝑌𝐶
+ (
𝜎2+𝛼𝜎3
2𝑆23
)
2
+ 𝛼
𝜏23
2 −𝜎2𝜎3
(𝑆23)2
+
𝜏12
2
(𝑆12)2
+ 𝛼
𝜏13
2
(𝑆13)2
= 1. (2.9) 
In Equations (2.6)-(2.9), a plane-stress factor in each mode is represented with 𝛼. When 
the through-thickness stress component is ignored, 𝛼 = 0. Otherwise, in a 3D case, 𝛼 =
1. In the tensile fibre failure criteria, the coefficient 𝜑  is employed to determine the 
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contribution of shear stress to the initiation of fibre tensile failure. The planar Hashin’s 
failure criteria with stiffness degradation models controlled by energy-dissipation 
constants are implemented in ABAQUS, but only available for shell elements. Li et al. 
[66] and Zhang et al. [32, 85] applied the planar Hashin’s method to predict mechanical 
behaviour of braiding structures. In order to use 3D elements in ABAQUS, the Hashin’s 
3D failure criteria were usually implemented in a user-defined subroutine [86, 87]. When 
the braided composites were regarded as orthotropic materials, failure modes in the 
thickness direction should be considered [88]. For the matrix mode, Hashin proposed a 
quadratic criterion because, on the one hand, a linear criterion underestimated strength of 
the material and, on the other hand, a polynomial of higher degree would be too 
complicated to manage [73, 74]. Although Hashin himself limited the scope of his 
proposal to UD composites, the criteria were widely applied to braided composites in 
recent years [13, 31, 32].  
 
So far, the mode-dependent failure criteria were proved to be more suitable for analysis 
of failure initiation in braided composites. Comparing to the Hashin’s failure criteria, 
even more failure modes were considered in some studies. Doitrand and Fagiano [89] 
applied an advanced failure criterion including different damage mechanisms such as 
fibre failure, transverse and out-of-plane cracking for the yarns, and inter-yarn-matrix 
cracking to study mechanical behaviour of a four-layer plain-weave glass fibre/epoxy 
matrix composite at the mesoscopic scale. It should be noted that the mode-dependent 
failure criteria can be also presented in a strain-based form, e.g. the Hashin strain-type 
criteria and a Linde criterion [90, 91].  
 
Micro-mechanics of failure is a theory that links constitutive materials (individual fibre, 
matrix and their interface) and a macroscopic stress response of composites [92]. It is 
believed that failure of fibrous composites can be assessed with micro-scale analysis. No 
difference between tension and compression failure models at constituent levels is 
considered, and the failure of fibre-matrix interface is incorporated: 
fibre failure: 𝑋𝐶 < 𝜎1 < 𝑋𝑇, (2.10) 
 ∑ ∑ 𝐹𝑖𝑗𝜎𝑖𝜎𝑗
6
𝑗=1 +
6
𝑖=1 ∑ 𝐹𝑖𝜎𝑖
6
𝑖=1 = 1, (2.11) 
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matrix failure: 
𝜎𝑉𝑀𝑖𝑠𝑒𝑠
2
𝐶𝑚𝑇𝑚
+ (
1
𝑇𝑚
−
1
𝐶𝑚
) 𝐼1 = 1, (2.12) 
interface failure: (
〈𝑡𝑛〉
𝑌𝑛
)
2
+(
𝑡𝑠
𝑌𝑠
)
2
= 1. (2.13) 
A fibre is a transversely isotropic material, and two possible failure criteria are needed for 
its failure. The first is a simple maximum-stress criterion; the other is the Tsai-Wu 
criterion. It was argued that the adoption of quadratic failure criteria, such as the Tsai-Wu, 
required the values of transverse tensile and compressive as well as shear strengths, 
which were difficult to obtain in experiments. So, a simplification of the quadratic criteria 
to the maximum-stress criteria was preferred [42]. The epoxy matrix is regarded as 
isotropic and has a higher strength value under uniaxial compression than under tension. 
For the matrix, a Christensen Criterion was applied, which is a modified version of the 
von Mises failure criterion [75]. Finally, the fibre-matrix interface can be considered to 
follow a traction-separation failure criterion [42, 92]. 
 
MMF has gradually gained credibility as evident in the recent Second World-Wide 
Failure Exercise (WWFE II). MMF was reported to be able to predict successfully both 
the initial and final failures for all the 12 specified test cases [93]. MMF is different from 
conventional methods primarily in two ways. On the one hand, the conventional methods 
are the ply-level failure methods while MMF is based on the constituent’s failure. On the 
other hand, the conventional macro-level methods generally require one or more 
interaction parameters in order to capture the interaction of stress components in the 
matrix and fibres, while MMF uses a micromechanical model to account for the stress 
interaction, so that the interaction parameter is not needed [8]. A modified MMF scheme 
was proposed to improve prediction of shear strength by adding shear component in the 
criteria [42]. In addition, since σ11 component was closely related with fibre failure, it was 
assumed that σ11 did not contribute to matrix failure. Thus, the MMF scheme was 
simplified to three-parameter MMF (MMF3): 
(
1
𝑇𝑚
−
1
𝐶𝑚
) (𝜎22 + 𝜎33) +
1
𝑇𝑚𝐶𝑚
(𝜎22 + 𝜎33)
2 −
1
𝑆𝑚
2 [𝜎22𝜎33 − (𝜏12
2 + 𝜏23
2 + 𝜏31
2 )] = 1(2.14) 
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2.3.2 Failure Analysis Mechanics 
 
To model progressive failure of braided textile composites, numerous studies combined 
two damage-evolution theories for inter- and intra-laminar damages, respectively. The 
first theory was a cohesive-zone model (CZM) widely used to capture inter-laminar 
delamination [62]. The CZM combines strength-based criteria used to predict damage 
initiation with fracture energy criteria to simulate damage propagation, yielding 
acceptable results with fewer limitations. Application of CZM requires a-priori 
knowledge of an intended crack path and a use of cohesive elements [62]. Another theory 
to evaluate intra-laminar failure was continuum damage mechanics (CDM) [94-96]. In 
CDM, damage is described by introducing internal state variables (𝐷𝑖𝑗) to an algorithm of 
continuum mechanics to represent micro-defects in a damage process in the material. 
Stiffness values of composites degraded with the growing damage variables (DVs) 𝐷𝑖𝑗  
homogeneously when a material met its failure criteria. The CDM models are not able to 
capture the initiation and propagation of macroscopic cracks; however, it is not necessary 
to know exactly where damages occur when modelling failure with CDM.  
 
(1) Cohesive Zone Models (CZM) 
 
With CZM, the interface between fibre and epoxy is modelled by cohesive elements with 
a bilinear traction-separation law as shown in Figure 2.4. According to the traction-
separation law, the area under the curve represents the fracture toughness (critical energy 
release rate) in specific fracture mode [96]. The crack is initiated when the Equation 2.15 
below equals to 1: 
 (
𝑡𝑛
𝑁
)2 + (
𝑡𝑠
𝑆
)2 + (
𝑡𝑡
𝑆
)2 = 1, (2.15) 
where 𝑡𝑛 , 𝑡𝑠 , 𝑡𝑡  represent the interface stresses and 𝑁 , 𝑆, 𝑇  are the interface strengths 
under mode I (opening), mode II (shear) and mode III (tearing), respectively. Damage 
evolution is defined based on fracture energy. Linear softening behaviour is utilised. The 
dependency of fracture energy on mixed fracture modes is expressed by the widely used 
Benzeggagh-Kenane formulation [97], which gives an analytical formula shown in 
Equation 2.16. 
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 𝐺𝐶 = 𝐺𝑛
𝐶 + (𝐺𝑠
𝐶 − 𝐺𝑛
𝐶) {
𝐺𝑠
𝐶+𝐺𝑡
𝐶
𝐺𝑛
𝐶+𝐺𝑠
𝐶+𝐺𝑡
𝐶}
𝜂
 (2.16) 
where, Gn, Gs and Gt are the work done by tractions and their conjugate relative 
displacements corresponding to mode I, mode II and mode III, respectively. The power, η, 
is a material parameter, may selected to 1.45 for a carbon fibre composite [98]. 
 
Figure 2. 4 Traction-separation behaviour bilinear mixed-mode [98]. 
However, there are still shortcomings using CZ elements to model interface damage [84]. 
For instance, the location of crack initiation should be known, although automatic 
insertion of cohesive zone elements is possible. In the braided structure, changes of fibre 
orientation result in an efficient-costly re-meshing. Moreover, CZM generally uses 
surface- and element-based approaches. In the former, the interface is regarded as 
interaction between two adjoining surfaces, and thickness of the interface is neglected. 
Long et al. [99] and Qiu et al. [100] successfully developed a cohesive interaction 
scheme for prediction of initiation and propagation of delamination during impact. Zhang 
et al. [101] reduced the computation time by using a quasi-static load with a surface-
based cohesive contact model available in the ABAQUS FE software package. In the 
element-based method, COH3D8 cohesive elements (available in ABAQUS) were 
inserted at the interfaces between composite layers. Using this approach, Feng et al. [102] 
investigated the influence of simulated intra-laminar damage modes on prediction of 
interface delamination. Kim et al. [103] studied the effect of delamination damage on 
performance of a whole structure. Although both approaches are acceptable, there is a 
lack of systematic studies to compare their advantages and shortcomings.  
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(2) Continuum Damage Mechanics (CDM) 
 
The most direct way for damage modelling is a fracture-mechanics-based approach, in 
which cracks are directly introduced into the model. Still, introducing cracks inside 
complex yarns-matrix architecture and re-meshing are computationally intensive. 
Continuum damage mechanics (CDM), which can provide a tractable framework for 
modelling damage initiation and development, with strategy of stiffness degradation, is 
one of the important and effective methods to model progressive damage behaviour of 
fibre-reinforced composites supported by FE procedures. The main advantage of CDM is 
the straightforwardness of its implementation into FE analysis since the material is 
continuous throughout the damage process, it does not require re-meshing [104]. CDM 
provides not only the final failure load, but also information concerning the integrity of 
the material during the load history [104]. 
 
In CDM, damage is described by introducing internal state variables (𝐷) in the algorithm 
of continuum mechanics to represent micro-voids during damage process in the material. 
Damage modelling by variation in elastic modulus approach is one of the three 
fundamental methods [104]. For instance, in an isotropic bar under uniaxial loading, the 
damage variable (DV) is introduced as the ratio of damaged surface area (𝐴𝑑 ) to 
undamaged cross sectional area (𝐴) as 𝐷 =
𝐴𝑑
𝐴
 (see Figure 2.5). Damage variable (𝐷) 
values of 1 indicates complete damage in the material, i.e. damaged surface area equals to 
the initial area of cross section at completely damaged state.  
 
Figure 2.5 Uniaxial effective stress concept based on strain equivalence [40, 105]. 
Stress in damaged state: 𝜎 =
𝐹
𝐴
= 𝜀?̅?, (2.17) 
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Effective stress in the pseudo undamaged state: 
 𝜎 =
𝐹
𝐴−𝐴𝑑
=
𝜎
(1−𝐷)
= 𝜀?̅?, (2.18) 
From the hypothesis of strain equivalence as given by Lemtaire [106]:  𝜀 = 𝜀.̅ 
By combining Equation 2.17 and Equation 2.18, 
 
?̅?
𝐸
= 1 − 𝐷. (2.19) 
It can be been seen from Equation 2.19 that damaged state Young’s modulus (?̅?) reduced 
as the DV (𝐷) increases. The maximum value of 𝐷 can be ≈1 since the stiffness and 
compliance matrices should always be positive defined. For undamaged and elastic 
orthotropic composite materials, the stress-strain relationship can be written as: 
 
{
 
 
 
 
𝜎11
𝜎22
𝜎33
𝜏12
𝜏23
𝜏13}
 
 
 
 
=
[
 
 
 
 
 
𝐶11 𝐶12 𝐶13
𝐶21 𝐶22 𝐶23
𝐶31 𝐶32 𝐶33
0     0    0
0     0    0
0     0    0
𝑠𝑦𝑚
𝐶44  0 0
𝐶55 0
𝐶66]
 
 
 
 
 
{
 
 
 
 
𝜀11
𝜀22
𝜀33
𝛾12
𝛾23
𝛾13}
 
 
 
 
, (2.20) 
where 𝜎𝑖𝑗  and 𝜏𝑖𝑗 are normal and shear stresses, 𝜀𝑖𝑗 and 𝛾𝑖𝑗 are normal and shear strains, 
𝑪𝒊𝒋 are stiffness matrix. Therefore, post-peak behaviour of materials could be described 
by a degraded stiffness matrix 𝑪(𝑫𝒊𝒋)  or compliance matrix  𝑺(𝑫𝒊𝒋) , as shown in 
Equation 2.21, 
 𝜎𝑖𝑗
∗ = 𝑪(𝑫𝒊𝒋)𝜀𝑖𝑗 or 𝜀𝑖𝑗 = 𝑺(𝑫𝒊𝒋)𝜎𝑖𝑗
∗ , 𝑖, 𝑗 = 1,2 and 3, respectively. (2.21) 
Although many methods were developed, it is still an open question how to define DVs 
considering complicated failure modes of braided composites. In the following section, 
some stiffness-degradation approaches most broadly used in recent investigations are 
discussed. 
 
2.3.3 Stiffness Degradation Models based on CDM 
 
An instantaneous stiffness-degradation method was initially developed by Blacketter et al. 
[107] and Matzenmiller et al. [108]. In this empirical stiffness-reduction scheme, DVs 
were usually constants. When stresses at an integration point of a finite element satisfy 
the damage-initiation criterion, damage at the integral point happens and stiffness is 
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reduced to a specific value according to relevant failure mode. The scheme was widely 
used for damage prediction in composites without any convergence difficulties. It also 
showed good capability to simulate the mechanical performance of non-crimp fabric 
(NCF) composite structural parts associated with different failure modes of yarns 
subjected to tension loading [109]. However, the results indicated that the final failure 
load depended on the mesh and increment size, while the damage initiation and 
accumulation had consistent results and were less sensitive to these parameters. Recently, 
this degradation scheme had been further developed for woven composites [81, 86]. 
Failure analysis was carried out to provide the influence of each damage mechanism on 
overall laminates stiffness, and thus the values of 𝐷𝑖𝑗  were determined by meso-
mechanical failure analysis and quantitative analysis based on virtual tests.  
 
In these studies, DVs were implemented in ABAQUS using the user material (UMAT) 
and user-defined filed (USDFLD) subroutines, respectively. They were stored as Solution 
Dependent Variables and can be monitored throughout the progression of the analysis. 
Although reasonable numerical results were obtained using the instantaneous stiffness-
degradation method in many works, magnitudes of the stiffness-reduction factors were 
somewhat arbitrarily chosen by researchers based on types of failure criteria and different 
failure modes. Therefore, the advanced failure criteria and damage factors for braided 
composites need to be investigated further, and more efforts are unquestionably needed in 
the future. 
 
Evolution of DVs in the continuum stiffness-degradation method is based on a 
thermodynamic framework or an energy-dissipation theory. In the early stage, the CDM 
was built to study damage development for single-ply or laminate composites because the 
damage mechanisms of UD composites were relatively easy to quantify. Nowadays, 
various evolution laws based on the continuum-stiffness degradation method are also 
suitable for braided composites. In these studies, the evolution of DVs could be presented 
either in a linear or an exponential form. 
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In the studies conducted by [37, 84], the local damage propagation and failure of braided 
composites were quantified using above bilinear damage evolution law. The law assumed 
that when constituents of a material fail in an element, it dissipates energy equal to its 
elastic energy. According to an approach by Lapczyk and Miami [110, 111], a 
characteristic element length was introduced into an expression of the equivalent 
displacement (𝑋𝑒𝑞
𝐼 ) to solve a mesh-dependence problem. Thus, the internal DVs 𝑑𝐼 
associated to different failure modes I [59, 112] was expressed as: 
 𝑑𝐼 =
𝑋𝑒𝑞
𝐼𝑓
(𝑋𝑒𝑞
𝐼 −𝑋𝑒𝑞
𝐼𝑖 )
𝑋𝑒𝑞
𝐼 (𝑋𝑒𝑞
𝐼𝑓
−𝑋𝑒𝑞
𝐼𝑖 )
  (𝐼 = failure mode) (2.22) 
Figure 2.6 shows the linear evolution of DVs. Accordingly, XIieq and X
If
eq in Equation (22) 
are the initiation and full damage equivalent displacements of failure mode I, respectively. 
 
Figure 2.6 Linear damage-evolution law in bilinear equivalent stress-displacement 
relationship [84]. 
Therefore, the damage-evolution equation is associated with the characteristic element 
length, local strain and fracture energy of the braided-composite constituents. The 
damaged stiffness matrix 𝑪(𝑫)  can be expressed in a matrix form by using the 
components of undamaged stiffness matrix and the principal values of the damage tensor 
𝐷𝐼 according to the Murakami-Ohno damage model [113].  
 
Zhang et al. [46, 60] applied such 3D damaged stiffness matrix with the mentioned 
equivalent stress and displacement relationship to investigate the contribution of local 
details of the braiding architecture and the local stresses, strains, and damage mechanisms 
on the global response of braided composites. Zhou et al. [31] implemented a two-step, 
multi-scale progressive-damage analysis to study damage and failure behaviours of 2D 
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plain weave composites under various uniaxial and biaxial loading conditions. In this 
model, a similar bilinear damage evolution approach [114] with a formal-unified 3D 
Hashin-type criterion were employed to facilitate analysis and engineering applications, 
with shear nonlinearity considered in the stiffness matrix of yarn. Such a scheme was also 
applied by Zhang et al. [115] to study meso-scale progressive damage of 3D five-
directional braided composites under transverse compression. 
 
Another multi-scale approach for PFA of braided composites at coupon-level was 
elaborated and validated by Xu et al. [8]. Starting from elastic constants of constituents 
(i.e. fibre and matrix), ply-level effective material properties were predicted using a 
micro-mechanical unit-cell model, with ply’s effective properties assigned to each tow in 
a meso-mechanical model of braided composites. In their study, the damage evolution 
was determined by the equivalent strain, a scalar measure of the strain components. 
Using the equivalent strain and equivalent stress, a multi-linear stress-strain damage 
model was proposed for the matrix in fibre tows, as illustrated in Figure 2. 7. 
 
Figure 2. 7 Multi-linear stress-strain damage model [8]. 
As shown in Figure 2.7, the mechanical response of yarns followed the linear stress-strain 
relation before damage occurred in the matrix. After this, the material exhibited 
hardening behaviour followed by softening, depending on the damage state. In order to 
predict the strength, the meso and macro-scale FE models of representative unit cells of 
bi- and tri-axial braided composites were developed respectively [8, 91].  
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Apparently, most schemes were based on linear damage models. A non-linear damage 
evolution approach was first proposed by Maimi et al. [111] to regularize the energy 
dissipated at a material point by each failure mechanism. A viscous model is usually 
applied to mitigate the convergence difficulties associated with strain-softening 
constitutive models. Therefore, the non-linear damage evolution law is usually presented 
as an exponential expression in the following general form: 
 𝑑𝑖 = 1 −
1
𝑓(𝑟𝑖)
exp [𝐴𝑖(1 − 𝑓(𝑟𝑖))], (2.23) 
where the subscript i denotes different damage modes, 𝑑𝑖, 𝑓(𝑟𝑖),  𝐴𝑖 and 𝑟𝑖 are the DVs, 
the damage-activation function, the coefficient and the damage threshold value, 
respectively. In recent investigations, the non-linear damage evolution approach was 
applied to capture progressive damage evolution in braided composites in static and 
quasi-static loading regimes.  
 
Using exponential damage evolution approach, Lu et al. [90] determined a set of 
reasonable interfacial properties for predicting a mechanical response of 3D braided 
composites under uniaxial tension and investigated the effect of interfacial properties on 
their stress-strain behaviour. Zhong et al. [116] further developed this approach for 
failure analysis of 3D woven composites under tension. Except for the longitudinal 
tension failure modes, the exponential damage evolution laws were still adopted for the 
fibre yarn in the model. Meanwhile, the linear and exponential damage evolution laws 
were used to represent the phenomena of fibre bridging and fibre pull-out in a fibre yarn 
[111, 117], as shown in Figure 2.8.  
 
Figure 2. 8  (a) Exponential damage evolution law for fibre yarn; (b) linear and exponential 
laws for fibre failure mode in tension [116]. 
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To summarise this section, numerous failure criteria and damage-evolution laws can be 
effectively applied in models of braided composites. In a multi-scale approach, damage in 
macro-scale is based on meso- and micro-scale models [118-120]. Once the failure 
criteria are triggered by stress analysis, the properties of constitutive materials begin to 
degrade. Hence, the effective stiffness matrix of meso-scale RUC degrades by reducing 
the DVs. Based on the above discussions, the main purpose of recent studies was to 
improve simulation accuracy, which depends on two important considerations. The first 
one is that various failure modes observed in experiments should be accounted for in the 
FE simulations. The other is that advanced analytical approaches should be carried out to 
connect scales in multi-scale models. However, taking these considerations inevitably 
reduces the computational efficiency. Although some modelling attempts showed good 
accuracy when compared with experimental results, usually they were only demonstrated 
for a single structure or applicable only to some specific cases. More studies are needed 
to analyse the effect of braiding parameters, boundary conditions and complicated 
loading conditions in the future. 
 
2.4 Low-velocity Impact Behaviour of Braided Composites 
 
During manufacturing, service life-time, maintenance etc., braided composites are often 
subjected to various dynamic loading conditions, from low-velocity impacts to ballistic 
loads. In such regimes, small weak point in a composite part can lead to catastrophic 
consequences. Therefore, a response of braided composites to such conditions should be 
clearly understood. Despite impact damage in structural textile composites was 
introduced in to consideration recently [121, 122], and most of these efforts were based 
on experimental studies, rather than numerical simulations. Ballistic damage of textile 
composites was extensively evaluated; in contrast, little attention was paid to low-
velocity impact. In a high-velocity impact or ballistic impact, the contact duration is very 
short, so that only small area of material will deform and lead to perforation. Also, the 
strain-rate sensitivity and heat effect of the composite material should be considered. 
However, the damage mechanisms of composite materials under a low-velocity impact 
are strongly different from those under ballistic impact. In addition, for sports protective 
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applications, a low-velocity-impact scenario is the one necessary to be investigated. For 
example, in a football game, literatures report that normal impact force is from 2979N to 
4000N. An impact force higher than 4000N may lead to break of shin-guard and bone 
fracture. For testing shin-guard till broken, people use impact velocity ranging from 1.2 
to 2.5m/s, (energy from 3 to 13J). Hence, 2J - 9J indicate a slight crash to a heavier one, 
but in a safe zone for a shin-guard. In this thesis, impact energy levels of 2J to 9J are 
adopted as low-velocity impact levels. 
 
2.4.1 Modelling of Braided Composites under Low-velocity Impact  
 
In a low-velocity impact, a contact duration between an impactor and a target is long 
enough for entire structure to respond and, hence, absorb more elastic energy. Low-
velocity impacts (LVI) with sufficient energy can cause various types of barely visible 
impact damage (BVID), such as matrix failure, delamination, fibre breakage, fibre-matrix 
debonding and fibre pull-out. However, BVID caused by low-velocity impact is difficult 
to detect experimentally and may often be overlooked with disastrous consequences. 
Therefore, there is a strong need to develop robust FE models capable of predicting 
dynamic behaviour of composites, considering those damage mechanisms [123-126]. 
Once successfully developed, the models can then be used to study various impact 
conditions that are cumbersome to reproduce in experimental studies. As mentioned 
before, The CDM approach was investigated extensively in recent years and its 
application to impact-damage modelling proved to be very effective for UD laminates 
[127-129]. Therefore, compared with laminates, few authors focused on a LVI response 
of woven and braided composites. LVIs are commonly encountered in personal sports 
protection and some other structural elements. 
 
In recent studies, maximum-stress criterion with the instantaneous stiffness degradation 
method was successfully used in modelling of LVI in braided composites. Sun et al. [82] 
studied low-velocity impact properties of four-step 3D braided composites suffering a 
drop-weight impact with velocity ranging from 1 m/s to 6 m/s. In this FE-based approach, 
the Critical Damage Area (CDA) theory [129, 130] was also employed. The vectorised 
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user-material (VUMAT) subroutine was used to define the mechanical constitutive 
relationship of the 3D braided composite under drop-weight impact. This method was 
also used to investigate drop-weight loading of 3D angle-interlock woven glass 
fibre/unsaturated polyester resin composites with a conical impactor [131]. 
 
Sevkat et al. [132] adopted a very similar approach to simulate drop-weight tests of 
hybrid plain-woven glass-graphite fibres/toughened epoxy composites with commercial 
3D dynamic nonlinear FE software, LS-DYNA. Colombo and Vergani [133] 
characterized a textile fibre-reinforced-polymeric composite (FRPC) in undamaged and 
damaged conditions, with numerical and analytical micromechanical approaches, in order 
to provide a method for assessing its residual stiffness after impact. An extent of 
degradation of the damaged composite was estimated by Blackketter-type reduction 
factors applied to elastic properties of unit cells. In these attempts, it was possible to 
predict a range of impact force for braided composites; however, neither progressive 
damage nor plastic effects were accounted for in the FE models. Besides, values of the 
maximum impact displacement and interface delamination were not well captured. 
Usually, such approaches do not aim to run explicit simulations of the impact. 
 
Continuum stiffness degradation associated with the Hashin failure criteria was also 
applied to dynamic problems. Since this approach may result in excessive element 
distortions and other numerical difficulties, element deletion was adopted in computation. 
Gideon et al. [134] investigated a response of plain-woven basalt-unsaturated polyester 
composites to low-velocity impact both experimentally and with FE method simulations. 
Schwab et al. [123] studied a carbon fabric/epoxy system. In these studies, damage and 
failure behaviours of the textile composites was modelled using an orthotropic energy-
based CDM approach, with DVs depending on an equivalent stress-displacement 
relationship, as presented in Section 2.3.3; while delamination between layers was 
simulated with an interface cohesive-zone model. The proposed modelling strategy 
provided the ability to predict the overall energy absorption of a braided composite 
subjected to a transverse impact as well as energy contributions of individual mechanisms. 
Furthermore, shell elements were applied in these models to increase computational 
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efficiency and stability. Hence, these approaches were suitable to simulate complete 
perforation of the composite. However, damage and failure within shell elements 
representing individual plies resulted from in-plane stress and strain components only. 
Therefore, damage due to transverse shear and out-of-plane tension was not accounted 
for [134]. 
 
In summary, explicit simulations were developed to study a response of braided 
composites to impacts using ABAQUS/Explicit and LS-DYNA. Generally, the failure 
criteria and damage-evolution mechanics used in these models were similar to those in 
studies of static loading. According to this progress, the overall response of braided 
composites under impact was better captured with FE method than earlier analytical 
attempts, including such features as BVID, impact force, duration time, maximum 
displacement and residual properties of targets. However, improvements are still needed 
to overcome various limitations. For instance, the accuracy of predictions is based on 
material parameters obtained mostly from complex and demanding experimental studies 
and partly from the literatures. Furthermore, these schemes are still very expensive in 
terms of computational time, since explicit analyses are necessary to provide detailed 
information about impacted regions.  
 
2.4.2 Braided Composites under Repeated Impacts 
 
Unlike the case of a single low-velocity impact, in composite that already experienced 
some impact damage, dynamics of subsequent impacts at the same location can be 
affected. Studies of repeated impacts on composite structures aim at understanding of the 
growth of damage as a function of the number of impacts. When large numbers of 
impacts (with regard to the service life) are considered, the term “impact fatigue” also 
applies. Multiple impacts of composite materials refer to cases when several impacts 
occur simultaneously or quasi-simultaneously [135]. However, previous studies of 
behaviour of composite after repeated impacts mainly focused on laminated composites 
and experiments only. A few studies employed numerical simulations to establish 
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analytical models, with much fewer works on braided composites. In this section, some 
numerical studies in this area are introduced as illustrations. 
 
One of the pioneer work conducted by Chakraborty et al. [136] performed a 3D transient-
dynamic FE analysis of multiple impacts on FRPC plates. The code developed had the 
capability to allow impactors of different masses to strike with different velocities at 
different locations of the plate surface at different intervals of time. Cromer et al. [137] 
studied the effect of multiple non-coincident impacts on compression-after-impact (CAI) 
properties of glass/epoxy laminates and offered a FE model to predict residual flexural 
strength based on the apparent modulus and damage dimensions. Using ABAQUS, a 
simplified damage model was combined with stress-based failure criteria and reduced in-
plane moduli to predict CAI. However, only a general idea about the analytical scheme 
was provided in these models, without details with regard to damage evolution and 
respective mechanisms. 
 
The first modelling study of multi-impacts with sequences of different energy levels was 
performed by Amaro et al. [138]. In this study, the influence of repeated low-velocity 
impact with different energy levels on glass-fibre/epoxy laminates was verified 
considering the classical laminate theory (CLT). The laminate layers were homogenised 
with 8-node iso-parametric solid elements to get global elastic properties. It should be 
noted that the effect of shear stress of the neighbouring layers on interface delamination 
was not accounted in in this method. To improve this point, Tian et al. [139] established 
an adaptive model to analyse the influence of different multiple impacts with the same 
total impact energy on glass laminate aluminium reinforced epoxy (GLARE). Numerical 
simulations were based on the user subroutine of the LS-DYNA software with an 
arbitrary stiffness-degradation method adopted. 
 
The studies mentioned above focused only on fibre-metal-laminate (FML) composites or 
laminated composites. To the authors’ knowledge, there is no FE model for braided 
composites to study their responses to repeated impacts so far. To some extent, these 
methods certainly have reference value.  
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2.5 Summary of Literature Review 
 
Nowadays, braided textile composites have been successfully manufactured and widely 
used. Extensive studies have been carried out to clarify the properties and material 
behaviour of braided composites. And the FE modelling of braids has provided useful 
information to enhance damage prediction and product design. However, there still are 
many problems, limitations and research gaps, being summarised herein, need to be 
further investigated.  
 
To begin with, an effective and realistic modelling methodology is required to handle 
geometries of yarns in a braided structure, especially with a high global fibre volume 
fraction. In the process of designing, various parameters such as type of yarns, braiding 
angles and waviness ratio should be taken into account and capable to optimise easily. 
Although most of studies were conducted with meso-geometry models only, literatures 
pointed out that the multi-scale approach had better capabilities to the combine the effect 
of constitutive materials and mechanical properties of the composite products. Currently, 
the study on damage prediction of braided composites by means of the multi-scale 
approach is very meaningful with novelty and good potential applications.    
 
Furthermore, it is still challenging to accurately predict progressive failure behaviour of 
braided composites by FE models even under simply static loading conditions. Since the 
damage mechanisms of braided structure are not completely clear, it is stated by 
literatures that some major failure modes and damage accumulations observed in 
experiments should be surely accounted in PFA. Hence, mode-dependent failure criteria 
(Hashin-type) and continuum damage mechanics were preferred in FE modelling. 
Applying the multi-scale modelling approach, the main purpose of current studies is to 
improve simulation accuracy from two aspects. The first one considers several research 
gaps with regard to micro-scale modelling that the fibres/matrix interface and shear effect 
have been neglected. It is also important to obtain reasonable inputs of constitutive 
material properties. The second one is that advanced damage mechanics should be 
attempted in the meso- and macro-scale models with no or minimum increase in 
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computational cost. Specifically, the damage model should also pay attention to the effect 
of braiding parameters, boundary conditions and different loading conditions.  
 
Finally, FE modelling under dynamic loading conditions is more complicated as only 
simplified models can be used to balance the accuracy and computational efficiency. 
Among existing studies, less attention was paid to braided composites, especially in terms 
of low-velocity impact response. The purposes of these studies were structural integrity, 
rather than predicting energy dissipation capacity of braided composites. Thus, the 
understanding of their energy-absorption mechanisms during low-velocity impact is 
currently limited. According to literature review, further investigations are also needed on 
the quantitative prediction of delamination and the effect of out-of-plane damage modes. 
In summary, it is very worthy and necessary to further develop explicit modelling 
capability for better insights to both materials science and product design. 
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Chapter 3* Microscopic Study on Constitutive Materials 
 
Microscopic Study on Constitutive Materials 
 
In this chapter, experimental studies were carried out first in order to 
obtain reasonable data of constitutive materials, including individual 
carbon fibre and matrix epoxy polymer. The mechanical properties of 
fibre filaments and epoxy were systemically tested. Then, the carbon 
fibre/matrix interface was investigated, together with effects of surface 
treatment on interfacial adhesion and fracture toughness. Finally, a 
micro-scale model was developed to compute the effective properties 
of fibre yarns using inputs from obtained experimental results. The 
computed results were validated with analytical theories.  
 
 
 
 
 
 
 
 
 
 
 
*This section published substantially as [1] C. Wang, X. B. Ji, A. Roy, V. V. Silberschmidt, and Z. 
Chen. Materi. Des. 2015, 85, 800-807. [2] X. B. Ji, C. Wang, B. A. P. Francis, E. S. M. Chia, L. X. 
Zheng, J. L. Yang, S. C. Joshi, and Z. Chen. Exp. Mechan. 2015, 55, 1057-1065.  
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3.1 Introduction 
 
Nowadays, the accuracy of FE analysis is subject to not only an appropriate definition of 
the model but also the credibility of materials property inputs. As the principle load-
carrying constituent in many advanced applications, carbon fibre and its mechanical 
properties warrant special scrutiny. 
 
Since the inaugural commercial appearance in 1879 [1], carbon fibres have been widely 
used as reinforcements in polymer based composites. Admittedly, mechanical properties 
of fibres and epoxy have been evaluated extensively [2-7]. However, documented 
experimental results on carbon fibres and epoxy are still limited and incomprehensive. A 
majority of literature focused either on one aspect of carbon fibre properties [5, 6] or on 
certain experimental techniques [7, 8]; while few published works attempted to 
comprehensively characterise the mechanical and the interfacial properties of one type of 
carbon fibre. In addition, that the high disparity between published properties of carbon 
fibre and epoxy (see Table 2.1 and 2.2) confuses users further should they look into 
literature for input data for their distinctive numerical simulations, analytical calculations 
and engineering composites design.  
 
Furthermore, the relationship between interfacial shear strength and toughness are not 
well understood, specifically in micromechanical study [9, 10]. Most of investigations 
only paid attention to the influence of surface treatment on macroscopic properties of 
composites, fibre yarns or plies, rather than individual fibre in the yarn due to the 
difficulties of microscopic analysis. Meanwhile, considering protective application of the 
composite, it is crucial and challenging to investigate how surface treatment affects the 
tensile strength of single fibre, and how to maintain the fibre-epoxy interfacial shear 
strength and fracture toughness at the same time. 
 
Therefore, in order to obtain reasonable data of constitutive materials, experimental 
studies were carried out first in this chapter. Then, the carbon fibre/matrix interface was 
investigated through surface treatment to explore interfacial adhesion and fracture 
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toughness. Finally, a micro-scale model was developed to compute the effective 
properties of fibre yarns using these experimental results. 
 
3.2 Experimental Methods 
 
3.2.1 Materials 
 
The tested fibre is the PAN (Polyacrylonitrile)-based AKSAca A-42 carbon fibre with 
bulk density of 1.78 g/cm3 and yield of 800 g/km, respectively. The surface morphology 
and diameter of the carbon fibre were characterised by a high resolution Field Emission 
Scanning Electron Microscope (FE-SEM JEOL JSM 6340F) at an accelerating voltage of 
30 kV and emission current of 12 µA and accelerating voltage of 5 kV. As shown in 
Figure 3.1, the fibre diameter was determined, by measuring 20 fibres, to be 7.3±0.4 μm. 
The A-42-12K fibre tows contain 12,000 fibre filaments.  
 
 
Figure 3.1 FE-SEM image of A-42 carbon fibres. 
 
Matrix material is Bakelite® EPR-L20 epoxy resin. Bakelite® EPR-L20 epoxy was mixed 
with EPH-960 hardener at the weight ratio of 100:35, which is suggested by 
manufacturer’s data sheet, and the mixture was then degassed for approximately 30 
minutes before curing. The curing condition consisted of a 24-hour room temperature 
curing and 15 hours of 60 °C heat treatment. 
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3.2.2 Longitudinal Tensile Test of Carbon Fibre 
 
In the tensile tests, short-gauge-length dry single filaments were tested by a self-made 
testing system following the ASTM C1557-03 standard. As shown in Figure 3.2, the 
single filament specimen was prepared by mounting a single carbon fibre to a paper 
holder with instant cyanoacrylate glue. The sample was placed in the grips of the micro-
tester equipped with a 250 gram-force (gf) load cell. Both sides of the paper holder were 
cut by scissors before testing, leaving the fibre between the grips intact. Single filament 
specimens with gauge lengths of 5, 10, 15 and 20 mm were tested at the speed of 0.001 
mm/s to approach a static test. A minimum of 10 specimens were tested for each gauge 
length.  
 
Figure 3.2 Single filament specimen with paper holder for tensile test. 
Large-gauge-length resin-impregnated fibre bundles were tested by an Instron universal 
tester under the guidance of ISO 10618:2004 standard. A yarn with 12,000 fibres was 
impregnated with L20 epoxy resin before aluminium tabs were mounted at its two ends. 
Samples with gauge lengths of 50, 100, 150 and 200 mm were tested at the speed of 2 
mm/min according to the standard. 
 
Figure 3.3 Apparent compliance vs gauge length divided by cross-sectional area of carbon 
fibre.  
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It should be noted that the strain measurement of the tests was done by measuring the 
movement of the grip of the tensile machine. Therefore, system compliance correction 
had to be performed through the procedure described in ASTM C1577-03. Accordingly, 
the system compliance (𝐶𝑠) is determined by plotting ∆𝐿/𝐹 (𝐶𝑎, apparent compliance) 
against 𝑙0/𝐴 curve in which ∆𝐿 is the grip movement measured from the machine, 𝐹 is 
the failure load, 𝐴 is the cross-sectional area of carbon fibre and 𝑙0 is the gauge length of 
the sample. In Figure 3.3, the intercept corresponds to zero gauge length gives the value 
of 𝐶𝑠, which is 0.022 mm/N. The compliance of the tensile test system influences the 
calculated strain and Young’s modulus, especially when the sample gauge length is small. 
The results presented in this study have been calibrated for the compliance. 
 
3.2.3 Longitudinal Compressive Test of Carbon Fibre 
 
Unlike longitudinal tensile strength and modulus, various difficulties have been 
encountered by researchers to measure axial compressive strength of carbon fibre in the 
past five decades primarily due to the difficulty in introducing a pure axial compressive 
failure to a carbon fibre without causing buckling [11]. In order to overcome these 
difficulties, some indirect interpretation methods were reported including tensile recoil 
method, effect elastic loop method and bending beam method [11-13]. Among the 
methods proposed, tensile recoil method [12] is preferred by many [13, 14] thanks to its 
procedural simplicity and reliability to produce repeatable results.  
 
Figure 3.4 Illustration of the tensile compressive failure process.  
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In the tensile recoil method, a single fibre was stretched to a predetermined tensile stress 
level to allow some strain energy to be stored in the fibre. Then the fibre was cut by a 
sharp surgical scissor in the middle of the gauge length, initiating a recoil effect. When 
the fibre is cut, the tensile stress in the fibre drops totally, converting the stored strain 
energy to kinetic energy. An unloading stress wave thus propagates towards the clamped 
ends. The moment the unloading wave reaches the rigid end, the compressive stress wave 
propagates from the clamped end reflects toward the free end. The magnitude of the 
compressive stress wave generated during a specimen recoil is equal in magnitude to but 
of opposite sign to the initial tensile stress. If the resultant compressive stress exceeds the 
compressive limit of the fibre, the fibre undergoes recoil compressive damage. As such, 
by increasing the pre-stress level in a precise manner from a magnitude that is below the 
compressive strength of the fibre to a magnitude that exceeds the compressive strength, a 
transition in the damage behaviour of carbon fibre from no recoil compressive damage to 
some recoil compressive damage will be observed. Hence, the pieces of the filament after 
testing were carefully examined under a magnifying glass to determine if they have failed 
(F) or not (NF), as illustrated in Figure 3.4. Hence a threshold stress for observation of 
recoil compressive damage can be established to approximate the compressive strength of 
carbon fibre [12]. The samples were tested by a dedicated tensile machine, apt-dc servo 
controller Thorlabs Z812B, with a load cell of 20 gf. A total of 400 fibre samples, split 
into 8 batches, were tested. 
 
3.2.4 Torsional Pendulum Tests of Carbon Fibre 
 
The longitudinal shear modulus of the carbon fibre was determined by torsional 
pendulum test which was invented by Tsai et al. [4]. The theoretical background is that a 
disk hung by a wire will oscillate about its equilibrium position if it is twisted by a small 
angle. Although the magnitude of the oscillation will decrease, the frequency of 
oscillation is a function of the longitudinal shear modulus of the wire.  
In this study, a washer, suspended by a single carbon fibre, was set in free torsional 
oscillation without air turbulence, as shown in Figure 3.5. The longitudinal shear 
modulus of carbon fibre is calculated by [4]: 
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 𝐺𝑓12 =
𝜋𝑚𝐿𝑓2[8(𝐷0
2−𝐷𝑖
2)+
32
3
ℎ2]
𝑑4
, (3.1) 
where 𝑚 is the mass of the hanging washer; 𝐷0 and 𝐷𝑖 are the outer and inner diameter of 
the washer, respectively; ℎ is the thickness of the washer; 𝑑 is the diameter of the fibre; 𝐿 
is the length of the fibre that has been suspended; 𝑓 is the oscillation frequency; and 𝐺𝑓12 
denotes the longitudinal shear modulus of fibre. The frequency was measured by a 
stopwatch with resolution of 0.01s. As mentioned, the diameters of the fibres were 
measured by FE-SEM. The shear modulus tests were performed using 4 washers with 
different geometries at 3 fibre lengths: 15, 20 and 25 mm. For each weight-length 
combination, five samples were tested.  
 
Figure 3.5 The experiment setup of torsional pendulum test. 
 
3.2.5 Nano-indentation Test of Carbon Fibre 
 
Although different experimental techniques were reported [6, 8, 15-16], the nano-
indentation technique was employed to probe the transverse modulus (𝐸𝑓2) of the carbon 
fibre [8]. Such test on the impregnated yarn has two advantages. Firstly, fibres in the 
sample are restrained so that movements are prohibited, minimising the slippage 
interference. Secondly, different properties of carbon fibre and the epoxy matrix (and 
interphase) allow their distinctive load-displacement curves to be distinguished. 
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Comparing the data obtained via nano-indentation with known epoxy properties will 
crosscheck the validity of carbon fibre properties measured by the same test. 
 
Figure 3.6 Schematic illustration of the nano-indentation experimentation. 
The yarn, which consists of 12,000 fibres, was embedded in epoxy resin, and then 
polished to a flat surface parallel to the longitudinal direction of the fibres. Nano-
indentation was made on the flat surface with the fibres revealed on the top surface. The 
tests were performed on Agilent Nano Indenter G200 with a Berkovich tip. To provide a 
more precise measurement of initial surface contact, continuous stiffness measurement 
technique [8], as opposed to the conventional ones which use only the unloading path in 
the load-displacement curves, was employed in this study. Nano-indentations were 
performed along six indent lines, as illustrated in Figure 3.6, each consisting of 10 indent 
points with spacing of 20 μm, along the transverse direction at randomly chosen locations 
of the impregnated yarn. The tip indentation was controlled by a frequency of 45 Hz at 
the strain rate of 0.05 s-1. The load was maintained for 30 s to evaluate the errors caused 
by temperature variations [8]. The Poisson’s ratio of the carbon fibre was assumed to be 
𝜈 = 0.2 in the experiments.  
 
3.2.6 Tensile Test of L20 Epoxy 
 
Tensile properties of L20 epoxy were characterised in accordance with ASTM standard 
D638-10. L20 epoxy was mixed with hardener at the weight ratio of 100:35 and cured in 
a dumbbell-shaped mould. The dumbbell-shaped tensile samples (see Figure 3.7) used 
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were cut from a cured epoxy panel. The thickness of the samples was approximately 4.5 
mm on average.  
 
Figure 3.7 Specimen shape and dimensions in mm [17]. 
The samples were tested using Instron Universal Tester 5569 at the cross-head speed of 5 
mm/min, an Instron static axial clip-on extensometer 2630-105 with 25 mm gauge length 
was used to measure the strain.  
  
3.2.7 In-plane Shear Test of L20 Epoxy 
 
The in-plane shear strength of L20 epoxy was measured according to ASTM standard 
D7078. The samples, which had the same curing conditions as tensile samples, were cut 
to V-notched shape as shown below (see Figure 3.8).  
 
Figure 3.8 Shear samples of epoxy with V-notched shape [18]. 
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The samples were clamped by a self-designed fixture (see Figure 3.9) and were tested 
using Instron Universal Tester 5567 at the cross-head speed of 2 mm/min. The shear 
strength S was calculated using equation: 
 𝑆 =
𝑃
𝐴
, (3.2) 
where 𝑃 is the ultimate load before break and 𝐴 is the cross-sectional are between the two 
V-notch. The dimensions of the sample were all measured by a digital calliper. 
 
 
Figure 3.9 Assembled view of fixture and sample (left) and fixture in experimentation (right). 
3.3 Results and Discussions: Characterisation of Constitutive Materials 
 
3.3.1 Longitudinal Tensile Properties of Carbon Fibre 
 
As shown in Figure 3.10, the tensile behaviour of the carbon fibre, in both dry single 
filament and impregnated yarn form, is linear elastic till brittle fracture occurs. Moreover, 
the tensile strength of the carbon fibre is a complex parameter which was inappropriate to 
describe with a single value [19, 20]. The gauge length effect is a reflection of the 
distribution of flaws along the fibre. The presence of defects at random locations not only 
leads to scatter in the experimentally determined values of strength for a fixed length of 
fibre but also to a decreasing strength as gauge length increases. The effect of gauge 
length is especially prominent when gauge length is small, as shown in Figure 3.11. The 
trend agrees well with the results obtained by others [19, 20]. The average value of 
tensile strength for gauge lengths of 5, 10, 15 and 20 mm were determined to be 3.70, 
3.47, 3.21 and 3.07 GPa, respectively. 
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Figure 3.10 Tensile stress-strain curves for (a) single filament samples at gauge length 10 mm 
and (b) impregnated yarn samples at gauge length 200 mm (lines with different colours represent 
experimental replications). 
 
Figure 3.11 Tensile strength of the carbon fibre as a function of gauge length. Inset is the plot 
when the gauge length is presented in a log scale. 
In addition, the system compliance was determined and corrected for calculating 
longitudinal Young’s modulus (𝐸𝑓1). The average value of 𝐸𝑓1 for gauge lengths of 5, 10, 
15 and 20 mm were determined to be 191.8, 224.0, 227.2 and 239.5 GPa, respectively. 
Albeit it still lacks of strong evidence to confirm the mathematical relationship between 
the gauge length effect and 𝐸𝑓1, some researchers argued that the initially mis-oriented 
crystallites of carbon fibre might control the value of the elastic modulus [22]. When the 
fibre length is small, the effect of the mis-oriented sections of fibre crystallites is more 
prominent. In contrast, as the fibre length increases, there is more uniformity along the 
axis on average and the initial stretching and fibre misalignment relatively reduces [23].  
(
a
) 
(
b
) 
(a) (b) 
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3.3.2 Longitudinal Compressive Strength of Carbon Fibre 
 
The results of the recoil compressive failure test were analysed by two methods [24]. In 
the first method, the predetermined stress levels for each batch were arranged in an 
ascending order. Two stress levels under which the fibre exhibited the last complete 
survival (NF, NF) and the first complete failure (F, F) on both ends were identified. 
Thereby, a threshold value was calculated by averaging the two stress levels. Table 3.1 
tabulates the experimental data for one of the eight batches. Each table entry is one test 
sample from which two observations (top end and bottom end) were obtained. Two stress 
levels of 693.5 MPa and 758.7 MPa were identified to be corresponding to 100% survival 
and 100% failure; therefore, the magnitude of compressive strength for this batch of 
specimen was determined to be 726.1 MPa for this batch.  
Table 3.1 Ranked recoil failure data for one batch (NF- not failed, F- failed). 
Pre-stress 
(MPa) 
Top 
end 
Bottom end 
631.4 NF NF 
656.4 NF NF 
665.2 NF NF 
690.1 NF NF 
693.5 NF NF 
725 NF F 
758.7 F F 
767.8 F NF 
773.3 F F 
783.7 F F 
791.2 F F 
 
In the second method, a logistic distribution was fitted for the entire 400 samples to 
determine the compressive strength of the carbon fibre. The probability of failure 𝐹(𝜎) 
was plotted against the midpoint of corresponding recoil stress range. Figure 3.12 shows 
the fitted logistic distribution curve. The mid recoil stress corresponds to the probability 
of failure of 0.5, when the fibre has equal probability of failure and survival, signifies the 
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compressive strength. The fitted curve in Figure 3.12 gives the compressive strength 
value of 721.2 MPa. The compressive strength values obtained by the aforementioned 
two methods are summarised in Table 3.2. The average compressive strength of the 
tested carbon fibre is 728.8 MPa.  
 
Figure 3.12 Probability of failure vs mid recoil stress with Logistic model fitting. 
Table 3.2 Summary of the compressive strength results in MPa. 
Method Value 
Method 1 
Batch i 715.4 
Batch ii 842.2 
Batch iii 667.9 
Batch iv 740.6 
Batch v 713.4 
Batch vi 736.3 
Batch vii 726.1 
Batch viii 749.7 
Mean of Method 1 736.4 
Method 2 721.2 
Mean strength of the two methods                 728.8 
 
3.3.3 Longitudinal Shear Properties of Carbon Fibre 
 
The shear modulus of the carbon fibre is determined to be 6.81±0.41 GPa, in good 
agreement with literature values for similar fibres [9, 25]. The shear modulus values of 
different gauge lengths are consistent (see Table 3.3), suggesting the absence of 
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significant damping factor in the case of long fibre and end effect in the case of short 
fibre length [4].  
Table 3.3 𝐺f12 of the carbon fibre obtained by torsional pendulum tests. 
No. 
𝑚 
(mg) 
𝐷0 
(mm) 
𝐷𝑖 
(mm) 
ℎ 
(mm) 
𝐿 
(mm) 
f  (s-
1) 
d  
(μm) 
12G
(GPa) 
Mean of 
all tests 
(GPa) 
1 725.1 12.8 6.6 1.0 
15 0.0217 7.10 6.25 
6.81±0.41 
20 0.0198 7.17 6.61 
25 0.0182 7.23 6.79 
2 865.0 12.0 6.5 1.6 
15 0.0247 7.23 7.61 
20 0.0186 7.07 6.31 
25 0.0184 7.18 7.27 
3 1183.6 16.8 8.6 1.0 
15 0.0140 7.25 6.64 
20 0.0123 7.30 6.59 
25 0.0109 7.27 6.67 
4 1295.4 16.0 7.4 1.1 
15 0.0136 7.17 6.84 
20 0.0122 7.33 6.78 
25 0.0109 7.20 7.35 
 
Because compressive strength and shear modulus of carbon fibre are both strongly 
affected by the cross-sectional microstructure and properties, a correlation between the 
two properties was established by Northolt et al. [26]. An increase in shear modulus is 
usually accompanied by an increase in the compressive limit of the fibre. Our data point 
fits well with the overall trend, as shown in Figure 3.13. 
 
Figure 3.13 Relationship between the compressive strength and the shear modulus of carbon 
fibres. 
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3.3.4 Transverse Modulus of Carbon Fibre 
 
Figure 3.14 shows the load-displacement curves and the relation between the measured 
modulus and displacement into surface (for clarity purpose, only representative curves 
are shown). Three different types of load-displacement can be identified, which represent 
the indentation response of the fibre, fibre- epoxy interphase region, and the epoxy. The 
curve that corresponds to epoxy is a hysteresis loop during the loading-unloading cycle 
while the curve of carbon fibre shows similar loading-unloading paths. The differences 
can be explained by the strain relaxation and viscoelasticity behaviour of epoxy matrix 
and the elastic behaviour of carbon fibre [15]. The curves with intermediate peak loads 
represent the interphase between fibre and matrix. In the interphase region, the 
mechanical properties of epoxy are different from the bulk. In addition, there is no single 
value of the modulus for the interphase region as the interphase closer to the carbon fibre 
is stiffer while the region closer to the epoxy is softer [15].  
 
Figure 3.14 Load-displacement plot and relation between the displacement into surface and 
elastic modulus. 
Carbon fibre
Interphase
Epoxy Matrix
300 nm
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In the modulus-displacement plot (inset of Figure 3.14), three segments can be identified 
as well. The first one is attributed to the heterogeneity and surface unevenness of the 
indentation sample which cannot be fully eradicated by polishing. The second one 
exhibits a hardening behaviour illustrating the nano-indenter’s movement that approaches 
the carbon fibre by penetrating the interphase; and the third one, after around 230 nm, 
indicates the stabilisation of measured modulus. The maximum and minimum calculation 
depths were 280 nm and 330 nm, respectively, for estimating the elastic modulus. The 
𝐸𝑓2 of the carbon fibre was measured to be 13.4±1.1 GPa, in line with values reported by 
others for similar fibres [6, 8, 16]. As an indirect verification, the Young’s modulus of 
epoxy measured by our indentation test was 3.36±0.35 GPa, matching very well the 
tensile-experiment-determined value of 3.4 GPa.  
 
3.3.5 Tensile Properties of L20 Epoxy 
 
Figure 3.15 Representative stress-strain curves of epoxy tensile test. 
Since L20 epoxy is intrinsically brittle, there has been some noticeable scattering in the 
stress-strain curves. According to Figure 3.15, the ultimate tensile strength of L20 epoxy 
is 60.18±1.79 MPa, 9% higher than the value provided by supplier’s technical sheet (55 
MPa). The Young’s modulus of L20 epoxy was also determined to be 3.30±0.08 GPa.  
 
Different lines represent replications 
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3.3.6 In-plane Shear Properties of Epoxy 
 
Figure 3.16 Representative shear stress-displacement curves during shear tests. 
Figure 3.16 shows the representative stress-displacement curves for the shear test. The 
shear strength of L20 epoxy was determined to be 41.03±2.94 MPa, only marginally 
lower than the theoretical value of 44.08 MPa calculated using Equation 3.3.  
 𝑆 = √
𝑇𝐶
3
, (3.3) 
where 𝑇 is the tensile strength and 𝐶 is the compressive strength of epoxy. The minor 
difference could be attributed to the seemingly inevitable slip between the smooth epoxy 
sample and the clamping plates of the fixture (despite the efforts made to roughen the 
surface of the sample by sand paper). 
  
3.4 Microscopic Study of Fibre/Matrix Interface 
 
It is acknowledged that the interfacial bonding between the fibre and the matrix is a vital 
factor that affects the mechanical behaviour of fibre-reinforced polymeric composites 
(FRPC) and relevant simulations. For protective application, it is a very important to 
obtain the FRPC both having high impact resistance and strong interfacial adhesion. 
Although interfacial shear strength of the composites increases after surface treatment of 
the fibres, impact resistance is known to decrease in some cases [27-31]. In fact, 
comparing to interfacial strength, it is still limited to report the effects of surface 
treatment on interfacial toughness of FRPC. This section presents the relationship 
Different lines represent replications 
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between interfacial shear strength and toughness, specifically in a micromechanical level. 
It also should be noted that materials inputs for multi-scale modelling later in this thesis 
are all from the data without surface treatment. 
 
3.4.1 Experimental  
 
Extensive studies have been conducted to improve the interfacial adhesion by different 
surface treatment methods, including gaseous, solution, electrochemical, catalytic, 
oxidative etching, polymer coating (sizing) and plasma activation methods [27-30]. 
Among those, use of mixed sulphuric/nitric acids (H2SO4/HNO3) to functionalise carbon 
fibres is widespread [28-31]. Herein, the acid surface treatment employed a 3:1 (v/v) 
mixture of concentrated H2SO4/ HNO3, with sonication at 60 °C. In a typical reaction, a 
bundle of A-42 carbon fibre was added to 60 ml of this mixture in a beaker. The 
treatment was carried out at various precisely controlled times, between 15 min and 60 
min at the interval of 15 min. The treated fibres were then placed in another beaker and 
washed several times in Deionised (DI) water until the pH is around 7. Washing removes 
all water-soluble N- and S-oxides, i.e., those O-bonded to the fibre, replacing them with 
hydroxyl groups through ion exchange; those directly N- and S-bonded are retained [32].  
 
Figure 3.17 (a) Schematic of microbond test; (b) typical load-displacement curve. 
The apparent interfacial shear strength (𝐼𝐹𝑆𝑆𝑎𝑝𝑝) of carbon fibre/L20 epoxy interface 
was determined by the microbond test. As shown in Figure 3.17(a), in a fibre microbond 
test, the fibre was pulled while the matrix is blocked by a microvise. In the experiment, a 
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fibre filament was firstly mounted to a paper holder. The epoxy resin droplet was then 
applied onto the fibre and cured. All the specimens were checked under the microscope 
to observe the droplet geometry and the embedded length. Samples with defects (kink 
bands on the fibre or lack of symmetry of the droplet) were rejected. The size 
requirement is that the microdroplets needed to be smaller than 200 μm length otherwise 
the required pullout forces will exceed the breaking strength of the fibre: the fibres will 
break before pull-outs occur. The force needed to pull the fibre out of the resin was then 
determined. If it is assumed that the measured force is equal to a shearing force that is 
applied to the entire interface and distributed uniformly, so that the shear strength 
𝐼𝐹𝑆𝑆𝑎𝑝𝑝 of the bond is calculated from:  
 𝐼𝐹𝑆𝑆𝑎𝑝𝑝 =
𝐹𝑑
𝜋𝐷𝑙
 (3.4) 
where 𝐹𝑑 is the peak pull-out force, 𝐷 is fibre diameter and 𝑙 is the embedded length of 
the fibre. The loading rate during debonding was 1 μm/s. As the fibre was pulled, the 
droplet on the fibre contacted the microvise. The load transferred from the fibre to the 
interface between fibre and epoxy droplet. The initial behaviour is quite linear as elastic 
energy accumulates up to a sudden drop in force. The stored energy is dissipated in the 
initiation of an interfacial crack. The load does not drop to zero after the peak load as 
frictional forces present. During the process, the displacement and load of the tension 
were recorded, as shown in Figure 3.17(b). 
 
Furthermore, 𝐺𝑖𝑐, the specific interfacial parameter to evaluate the fracture toughness of 
the interface, means the critical value when the debonding zone extends in microbond test. 
Without consideration of thermal expansion, 𝐺𝑖𝑐 can be calculated by [33, 34]: 
 𝐹𝑑 = 𝜋𝑟1
2√
2𝐺𝑖𝑐
𝑟1𝐶33𝑠
 (3.5) 
and 𝐶33𝑠 =
1
2
(
1
𝐸1
+
𝑉1
𝑉2𝐸2
) (3.6) 
where 𝐸1, 𝐸2, 𝑉1, 𝑉2, and 𝑟1 are Young’s modulus of fibre, Young’s modulus of droplet 
epoxy, volume fracture of fibre, volume fracture of matrix droplet and the diameter of 
fibre, respectively. Herein, all the parameters were obtained by experiments mentioned 
before. 
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The geometry of epoxy droplet was observed and photographed using a Zeiss stereo 
optical microscope at a low magnification of 20×. The surface functional groups on the 
carbon fibre after surface treatment were evaluated by Fourier transform infrared 
spectroscopy technique (FT-IR, Perkin Elmer) with the resolution of 4 cm-1. The 
morphologies of carbon fibres after acid etching were examined by atomic force 
microscope (AFM) Cypher S with the scan rate of 1 Hz. 
 
3.4.2 Effect of Surface Treatment on Tensile Strength of Carbon Fibre 
 
Figure 3.18 shows the effects of surface treatment on the average tensile strength of 
individual fibre. The results indicate that surface treatment affects the gauge length effect 
of tensile strength of carbon fibre. Gauge length effect is mainly attributed to the flaws 
and defects along the axis of the fibre: the increment of fibre length raises the possibility 
of defects existence and correspondently lowers the tensile strength. Although surface 
treatment is not able to eradicate gauge length effects all together (partly due to the 
presence of internal flaws which can only be cured by heat treatment above 1200 °C [35]), 
fibres with different treatment time exhibit varying degree of change in their respective 
gauge length effect after the acid treatment (see Figure 3.18 (a)). The gauge length effect 
is best alleviated after 15 min and 30 min of acid treatment as illustrated by the reduced 
slope while, in contrast, the gauge length effects have been exacerbated when the acid 
treatment time extended to 45 min and 60 min.  
 
Figure 3.18 (b) depicts the relationship between ultimate tensile strength and acid 
treatment time, taking samples with the gauge length of 15 mm as examples. The error 
bar in the picture show ±1 of standard deviation. It is observed that the tensile strength of 
A-42 carbon fibre peaks at 15 min of acid treatment time and then decreases 
monotonically. The degradation of tensile strength is attributed to the excessive oxidation, 
which damaged and fragmented the fibre [35]. Therefore, it is concluded that 15 min is 
the optimal acid treatment time for A-42 carbon fibre since 15 min of acid treatment can 
remove a weak surface layer and existing impurities from the surface without over-
oxidation.  
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Figure 3.18 Tensile strength of A-42 carbon fibres with respect to (a) ln (gauge length) and (b) 
surface treatment time. 
The average magnitudes of longitudinal Young’s modulus of A-42 carbon fibre at 
different gauge length have all been altered by the acid treatments, as shown in Figure 
3.19. Overall, the Young’s modulus decreases slightly with the increase in acid oxidation 
time. Specifically, the moduli of A-42 carbon fibre after 60 min of acid treatment at the 
four gauge lengths investigated decline by 18.9%, 13.6%, 16.8% and 12.3% respectively 
compared to those of pristine fibres. The decline is probably due to the extra amount of 
misoriented crystallites of carbon fibre incurred by the oxidation effect of strong acid. 
The tensile test results discussed above are summarised in Table 3.4. 
 
Figure 3.19 Longitudinal modulus of treated and untreated fibres at different gauge length. 
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Table 3.4 Micro-tensile test results of fibres with different surface treatment. 
Treatment 
time 
gauge 
length 
/mm 
diameter 
/µm 
 ultimate 
strength 
/GPa 
standard 
deviation of 
ultimate 
strength 
modulus 
/GPa 
standard 
deviation 
of 
modulus 
0 min 
5 
7 
3.7 0.5 189.52 23.05 
10 3.47 0.3 219.68 11.46 
15 3.21 0.23 222.23 17.88 
20 3.07 0.4 233.89 9.90 
15min 
5 
7 
3.72 0.51 170.86 9.78 
10 3.65 0.63 194.21 12.29 
15 3.57 0.34 204.68 15.94 
20 3.54 0.36 220.65 6.77 
30min 
5 
7 
3.63 0.42 168.76 8.94 
10 3.58 0.85 206.91 6.65 
15 3.52 0.27 203.11 4.98 
20 3.42 0.29 220.89 6.43 
45min 
5 
7 
3.61 0.6 149.21 9.65 
10 3.39 0.37 184.42 12.60 
15 3.11 0.41 193.22 13.38 
20 2.96 0.14 192.55 17.55 
60min 
5 
7 
3.61 0.51 153.71 14.54 
10 3.36 0.38 189.87 10.26 
15 3.06 0.28 184.99 15.53 
20 2.82 0.44 205.2 5.52 
 
3.4.3 Effect of Surface Treatment on Interfacial Adhesion Strength 
 
Generally, acid surface treatment is widely used to improve the composite property 
because the performance of composite materials depends not only on the fibre and matrix 
properties, but also on the quality of the interfacial bond where the constituents interact 
chemically as well as mechanically. The interfacial shear strength (𝐼𝐹𝑆𝑆𝑎𝑝𝑝 ) of L20 
epoxy/A-42 carbon fibre before and after acid treatment was characterised by microbond 
test.  
 
In microbond test, the debonding force (𝐹𝑑) to pull out the fibre is proportional to the 
embedded length of epoxy droplet ( 𝑙 ), according to Equation (3.4). Therefore, the 
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apparent 𝐼𝐹𝑆𝑆 is calculated from the slope of linear regression of 𝐹𝑑  - 𝑙 plot. The 𝐼𝐹𝑆𝑆𝑎𝑝𝑝 
of A-42 carbon fibre/L20 epoxy interface without surface treatment was determined to be 
28.12 MPa, in reasonable agreement with other documented value [10].  
 
Figure 3.20 Linear regression analyses of microbond tests data for fibres after surface 
treatment of (a) 15 min, (b) 30 min, (c) 45 min and (d) 60 min, respectively. 
Similarly, as shown in Figure 3.20, linear regression analyses were conducted to calculate 
the 𝐼𝐹𝑆𝑆𝑎𝑝𝑝 of fibres after 15 min, 30 min, 45 min, and 60 min of acid treatment. After 
surface treatment, the magnitudes of 𝐼𝐹𝑆𝑆𝑎𝑝𝑝 are enhanced as shown in Figure 3.21 and 
Table 3.5. After 1h of strong acid treatment, the 𝐼𝐹𝑆𝑆𝑎𝑝𝑝 increases by 29.2%.  
 
Figure 3.21 Effect of surface treatment time on apparent interfacial shear strength between 
individual fibre and epoxy. 
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Table 3.5 Interfacial shear strength before and after surface treatment. 
Treatment 
Time (min) 
Average 
IFSS (± std 
dev) 
(MPa) 
Coefficient 
of variation 
(%) 
95% 
Confidence 
Interval (MPa) 
90% 
Confidence 
intervals 
(MPa) 
Increase 
(%) 
0 28.12 ±2.74 9.76 1.02 0.85 0 
15 30.18 ±3.41 11.31 1.67 1.40 7.3 
30 33.14 ±2.18 6.58 1.19 1.00 17.8 
45 34.84 ±2.60 7.48 1.14 0.96 23.9 
60 36.33 ±2.98 8.20 1.10 0.93 29.2 
 
 
Figure 3.22 SEM topographies of A-42 carbon fibres with respect to oxidation treatment time; 
(a) untreated; (b) 15 min; (c) 30 min; (d) 45 min and (e) 60 min. 
The improvement of the interface adhesion property can be attributed to the acid 
treatment. The surfaces of the specimens were examined by FE-SEM to determine 
whether changes caused by the acid treatment could be distinguished, as shown in Figure 
3.22. The surface of the untreated carbon fibre (Figure 3.22 (a)) shows a number of 
relatively wide grooves along the longitudinal direction of the fibre. After acid treatment, 
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the surface morphologies are roughened. The large grooves were removed and the 
number of shallow grooves increased as the treatment time increased. Figure 3.22 (a) - (e) 
shows the evolution of the surface conditions. The diameter of the fibre did not change 
substantially. Intensive grooves surge the surface area of fibre, enhancing the mechanical 
interlocking between fibres and epoxy. 
 
Figure 3.23 FTIR results of acid treated A-42 carbon fibre. 
In addition, FT-IR spectrums indicate the absence of hydroxyl and carbonyl groups in the 
carbon fibre after acid treatment, as shown in Figure 3.23. Characteristic bands due to 
generated polar functional groups are also observed in the spectrum of oxidised carbon 
fibre surface. Specifically, mixed acid oxidation introduces O-H, H-bond, C=O and C-O 
functional groups successfully to the surface of fibre. Functional group O-H with wave 
number 2450 cm-1 appeared on fibres that been treated for 15 min and 30 min and it 
disappeared as the surface treatment went on into longer time. Meanwhile, relative higher 
𝐼𝐹𝑆𝑆𝑎𝑝𝑝 values are obtained since hydroxyl and carbonyl groups make contribution. The 
synthetic mechanism and the expected functional groups are illustrated in Figure 3.24.  
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Figure 3.24 Functional groups on carbon fibre surfaces after oxidation [36]. 
3.4.4 Effect of Surface Treatment on Fracture Toughness of Interface 
 
Although acid treatment increases 𝐼𝐹𝑆𝑆𝑎𝑝𝑝 , it can hardly maintain good fracture 
toughness at the same time. The treatment time should be carefully controlled to keep the 
balance. Comparing to composite materials, mathematical methods are always used to 
evaluate the energy dissipation capacity of single fibre-epoxy system, instead of 
experimental way. According to Figure 3.25, the energy release rate reaches from 12.9 to 
around 38.9 J·m-2 after 15 min of surface treatment and drops to 23.3 J·m-2 when the 
surface treatment time extends to 30 min. A high 𝐺𝑖𝑐  value is used to express good 
fracture toughness in fracture mechanics. It also indicates the good energy dissipation 
capacity of the epoxy/fibre interface. Even the results show that after surface treatment, 
𝐺𝑖𝑐 values of interface are improved. However, in this study, it is observed that the largest 
𝐺𝑖𝑐 and the largest interface strength are not obtained at the same time.  
 
Figure 3.25 Critical energy release rate of fibre-epoxy interface after surface treatment. 
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In addition, the surfaces morphologies of the specimens were further examined by AFM, 
as shown in Figure 3.26. The surface of the untreated carbon fibre shows a number of 
relative wide parallel grooves along the longitudinal direction of the fibre. The large 
grooves are removed and a number of new born shallow grooves increase as the 
treatment time increases. The grooves are caused by the removal of amorphous carbon 
and defective layer on the borders of fibrils forming a carbon fibre [28]. Removal of the 
outer layer may also eliminate any strength-degrading surface flaws. Therefore, tensile 
strength of carbon fibre increases after moderate surface treatment. The evolution of the 
surface conditions shown in Figure 3.26 is consistent with FE-SEM images. The average 
surface roughness (𝑅𝑎) of carbon fibre grows with treatment time from 2.397 nm to 4.145 
nm (see Table 3.6). Moderate acid treatment makes grooves wider and deeper slightly. 
Etched pits are observed in some regions when surface treatment time reaches 30 min. 
After 1h of acid oxidation, the surface is seriously etched and damaged. On one hand, 
these grooves and pits provide more bonding sites with polymers, increasing the 
interfacial adhesion. On the other hand, they introduce more defects prone carbon fibre 
surface, decreasing the tensile strength of carbon fibre through the creation of residual 
stresses within the fibre and non-uniform stress profiles under the load [29]. 
Study on Constitutive Materials  Chapter 3 
78 
 
 
Figure 3.26 Surface morphology evolution of carbon fibre: (a)-(e) for surface treatment time of 
0, 15, 30, 45 and 60 min, respectively (scan area: 1µm ×1µm). 
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Table 3.6 Surface roughness of carbon fibres shown in Figure 3.26. 
Treatment time (min) 𝑅𝑎 (nm) RMS (nm) 
0 2.40 3.27 
15 2.95 3.67 
30 3.43 4.94 
45 3.94 5.01 
60 4.15 5.77 
 
After the test, samples were examined by FE-SEM to verify the location of failure. In all 
cases investigated, the failure took place at the interface rather than in the matrix as 
shown in Figure 3.27. After surface treatment, the interface obtains better interfacial 
shear strength and fracture toughness due to surface interlocking and functional group 
bonding. However, when the interface bonding is too strong, fracture toughness decreases 
because debonding failure occurs at matrix rather than cohesive interphase. It agrees with 
the point held by some researchers that a weak interfacial bond will dissipate more 
energy than a strong interfacial bond and micro-mechanisms such as fibre-matrix 
debonding or frictional fibre sliding are more important energy-absorbing mechanisms [9, 
37]. Hence, for future applications, the energy dissipation capacity of FRPC, in various 
forms such as woven and braided textile, can be enhanced by designing a suitable 
interfacial bond between the fibre filaments and the polymeric matrix.  
 
Figure 3.27 FE-SEM images of fibre/epoxy droplet system (a) before and (b)-(d) after 
microbond test. Surface treatment times are (b) 0 min, (c) 15 min and (d) 45 min, respectively. 
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3.5 Micro-scale Modelling of Fibre Yarns 
 
3.5.1 Micro-scale Unit Cell 
 
The aim of micro-scale modelling is to obtain effective mechanical properties of fibre 
yarns. The microstructure of braided composite is similar to that of one lamina in terms 
of the fibre, the matrix, and the interface. In the micro-scale model, the fibre was 
hexagonally arrayed because of the high fibre volume ratios in braided composite fibre 
bundles. Prior-modelling efforts have shown that elastic moduli and strengths predictions 
generated from hexagonal and random arrangements are very similar [38, 39]. 
Specifically, the fibre volume fraction is assumed as 0.8 herein and a unit cell model is 
depicted as Figure 3.28, in which 2r/ab= 0.8. Here, a and b is length and width of the 
RUC, respectively, while r is the radius of the carbon fibre. The properties of constituent 
materials obtained by testing single filament and pure epoxy matrix were used to predict 
the effective material parameters of fibre yarns.  
 
Figure 3.28 Geometry of a hexagonal micro unit cell. 
3.5.2 Mesh Generation and Boundary Conditions 
 
Four node tetrahedron elements (C3D4) were used for the unit cell, including both fibre 
and matrix. As shown in Figure 3.29, for instance, total number of elements in the unit 
cell was 65202. Zero-thickness cohesive elements (COH3D8) were located at the 
fibre/epoxy interfaces. As a unit cell is a small RUC of braiding yarns, the periodicity of 
boundary conditions (PBC) in FE analysis is devised by Xia et al. [40] to match the 
deformation and mesh of neighbouring unit cells. In terms of the unit cell studied here, 
r
b
a
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the PBC and minimisation of mesh mismatches were achieved through increasing the 
number of unit cells analysed in a single simulation while merging mismatched nodes on 
contacting faces. This method is computationally intensive. According to our previous 
work [41], seven independent boundary conditions (BC) in the form of uniform 
displacements are specified to obtain the material properties of fibre yarns, as shown in 
Figure 3.29. Since carbon fibres are a transversely isotropic material, subscript 1 denotes 
fibre direction; 2 and 3 denote transverse directions. A global coordinate system was 
employed for the whole model. 
 
Figure 3.29 Boundary conditions of micro-scale unit cell for (a) longitudinal properties, (b) 
transverse properties, (c) in-plane shear, (d) out-of-plane shear and (e) Poisson ratio. 
3.5.3 Micro-scale Failure Mechanics 
 
Usually, the carbon fibre is taken as transversely isotropic, linear elastic and brittle, while 
the matrix is seen as isotropic. In the micro-scale model, a maximum-stress failure 
criterion was deemed appropriate in describing damage initiation of carbon fibres, as  
 𝜎𝑓 ≥ 𝑋𝑓, (3.7) 
where the subscript 𝑓  denotes carbon fibre, 𝑋𝑓  and 𝜎𝑓  are the strength and stress 
component of carbon fibre along corresponding direction, respectively. At fibre failure 
(Equation 3.7), the Young’s modulus was reduced to 0.1% instantaneously [42]. A 
modified von Mises criterion (the Stassi’s criterion), which accounts for two strength 
parameters, was employed to capture damage initiation in pure matrix both for micro- 
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and meso-scale models. Although the matrix in the unit cell was considered isotropic, 
tensile failure strength of epoxy matrix is generally lower than compressive one. This is 
due to the influence of hydrostatic pressure (a first invariant of the stress tensor) besides 
deviatoric stress components on the tensile strength. Christensen [43] modified the 
Stassi’s criterion for materials with different strengths in compression and tension as  
 [
1
𝑋𝑚𝑇
−
1
𝑋𝑚𝐶
]  3𝑃 +
1
𝑋𝑚𝑇𝑋𝑚𝐶
𝜎𝑣𝑚
2  ≤  1, (3.8) 
where 𝑃 and 𝜎𝑣𝑚 are hydrostatic pressure and von Mises stress, respectively. Subscript 𝑚 
represents epoxy matrix in this paper.  
 
The fibre-matrix interface was modelled to exhibit linear traction-separation behaviour. 
Zero-thickness cohesive elements were utilized to simulate the fibre-tow interface in the 
micro-scale model. The response of these elements was governed by a typical bilinear 
traction-separation law [44]; a quadratic nominal stress criterion was used to describe 
interfacial damage initiation. Damage evolution was defined based on fracture energy. 
Exponential softening behaviour was utilized. The dependency of fracture energy on 
mixed fracture modes was expressed by a widely used Benzeggagh and Kenane 
formulation [25]. The same fracture energy value was assumed for each mode of 
interfacial failure. 
 
The simulation procedure of micro-scale model is presented in Figure 3.30. First, for each 
element, different modes of failure were captured using a failure index from the solution 
from the previous time increment. Second, if any of the failure indices reach a value of 
one, elastic constants were reduced in a single step according to the mode of failure, and 
the global stiffness matrix was assembled from effective stiffness matrices. This global 
system was solved to obtain nodal force vectors. Finally, this process was repeated until 
the specified total displacement condition was satisfied. The damage-initiation criteria 
with the property-degradation model were implemented into the ABAQUS implicit 
solver with the use of the USDFLD subroutine. For each small displacement increment, 
the elastic stiffness matrix was calculated according to the hypothesis of strain 
equivalence in continuum damage mechanics.  
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Figure 3.30 Flow chart for micro-scale damage analysis. 
On the other hand, these property values were calculated with two generally used 
micromechanical models, namely Chamis’ equations (expressed below) [45] and the 
concentric cylinder model (CCM) which can be seen at reference [46]. The results were 
compared with the FE results. 
 𝐸11 = 𝑉𝑓𝑌𝐸𝑓11 + 𝑉𝑚𝑌𝐸𝑚 (3.9) 
 𝐸22 = 𝐸33 = −
𝐸𝑚
1−√𝑉𝑓𝑌(1−
𝐸𝑚
𝐸𝑓22
)
 (3.10) 
 𝐺12 = 𝐺13 = −
𝐺𝑚
1−√𝑉𝑓𝑌(1−
𝐺𝑚
𝐺𝑓12
)
 (3.11) 
 𝐺23 = −
𝐺𝑚
1−√𝑉𝑓𝑌(1−
𝐺𝑚
𝐺𝑓23
)
 (3.12) 
 𝜈12 = 𝜈13 = 𝑉𝑓𝑌𝜈𝑓12 + 𝑉𝑚𝑌𝜈𝑚 (3.13) 
 𝜈23 =
𝐸22
2𝐺23
− 1 (3.14) 
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In Equations (3.9)-(14),  𝐸11 is the longitudinal modulus of the yarn; 𝐸22 and 𝐸33 are the 
transversal moduli of the yarn; 𝐺12, 𝐺13, 𝐺23 are the shear moduli of the yarn; 𝜈12, 𝜈13, 
𝜈23 are the Poisson’s ratios of the yarn; 𝐸𝑓11 is the longitudinal modulus of the fibres; 
𝐸𝑓22 is the transversal moduli of the fibres; 𝐺𝑓12 and 𝐺𝑓23 are the shear moduli of the 
fibres; 𝜈𝑓12 is the Poisson’s ratio of the fibres; 𝐸𝑚 is the Young’s modulus of the matrix; 
𝐺𝑚 is the shear modulus of the matrix; 𝜈𝑚 is the Poisson’s ratio of the matrix; 𝑉𝑚𝑌 = 1 −
𝑉𝑓𝑌 (𝑉𝑓𝑌 = 0.8) is the volume fraction of matrix in the yarn. 
 
3.5.4 Results of Micro-scale Modelling 
 
Elastic properties as well as the strengths of yarn, obtained by assessing the stress-strain 
relationships with micro-scale simulations using the developed RUC under different 
loadings, are shown in Figure 3.31 and Table 3.7.  
 
Figure 3.31 Stress-strain curves for yarn under different loading regimes. 
Apparently, the predicted longitudinal tensile and compressive behaviours are linear due 
to brittle fibre failure. The stiffness values for matrix- and interface-dominated transverse 
responses of the tow are lower than tension- and compression- fibre dominated tests in 
this study. The transverse tensile modulus is apparently larger than those for the shear 
one. Comparing the predicted shear stress-strain curves for the tow, it is clear that its in-
plane shear behaviour is stiffer than the out-of-plane response. This is because of the 
gradual damage accumulation in the latter case [34]. According to Table 3.7, the elastic 
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constants obtained with our micro-scale modelling correlate well with those calculated 
with Equations (3.9)-(14) and CCM model. The longitudinal strength values of fibre yarn 
show a larger discrepancy between the theory and numerical analysis since the equations 
for strength prediction are empirical and depend heavily on the mathematical model of 
fibre arrangement [35]. The disparity can be justified employing our previous 
experimental study [23]: the tensile strength value of the yarn, ranges from 2.6-3.81 GPa, 
depending strongly on the chosen gauge length. The average value of the experimental 
results is approximately 3.29 GPa. It is believed that the results based on empirical 
equations may affect the accuracy of the subsequent FE analysis [31]. Therefore, in the 
current study, the values based on the simulation studies are used. 
Table 3.7 Effective properties of yarn for meso-scale model. 
  
𝐸11 / 
GPa 
𝐸22 = 𝐸33 / 
GPa 
𝐺12 = 𝐺13 / 
GPa 
𝐺23 / 
GPa 
𝜐12 = 𝜐13  𝜐23 
FE Simulation 193.93 10.90 4.59 3.65 0.18 0.35 
Chamis’ 
equations 
192.26 10.13 4.59 3.67 0.23 0.38 
CCM  191.4 9.84 4.29 3.33 0.33 0.37 
 
𝑋𝑇 / 
MPa 
𝑋𝐶 / MPa 𝑌𝑇  / MPa 𝑌𝐶  / MPa 
𝑆12  / 
MPa 
𝑆23 / MP 
FE Simulation 3388.18 1454.48 189.69 235.08 42.20 32.08 
Chamis’ 
equations  
2540.04 1582.27         
 
The stress distributions of hexagonal micro-scale model are shown in Figure 3.32. The 
longitudinal stress 𝜎11  is mainly undertaken by fibres. Under 𝜎22 , maximum stress 
concentration occurs at the fibre-matrix interface along the loading direction, whereas 
minimum stress concentration occurs in the matrix near the interface along the 3-
direction, which is perpendicular to the loading direction. The tendency is similar in 
Figure 3.32(c). However, the minimal concentration of transverse shear stress lies in the 
matrix near the interface along the 3-direction, where the shear effect is the least evident; 
and the maximum concentration occurs not only at the interface but also in fibres with a 
cross shape. The stress distribution is in good agreement with literature [47]. Overall, the 
micro model is valid to predict the effective material properties of fibre tows. 
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Figure 3.32 Stress distribution in the micro-scale model: (a) 𝜎11, (b) 𝜎22, (c) 𝜏12 and (d) 𝜏23, 
respectively. 
3.6 Summary 
 
In this chapter, the mechanical properties of A-42 single carbon fibres and EPR-L20 
epoxy were experimentally obtained. The results were able to be used as inputs for multi-
scale modelling of braided composites.  
 
In terms of tensile strength along the longitudinal direction, the presence of defects, flaws 
and misoriented crystallites in the carbon fibre leaded to the gauge-length-dependence 
phenomenon. Quasi-static tensile tests performed at different gauge lengths from 5 to 200 
mm suggested that the tensile strength (𝜎𝑓𝑡1) of this carbon fibre decreased when gauge 
length increased, dropping from 3.8 GPa to 2.1 GPa. In addition, the longitudinal 
compressive strength (𝜎𝑓𝑐1) of the carbon fibre was determined by tensile recoil method 
to be 728.8 MPa. Longitudinal shear modulus (𝐺𝑓12 ) was obtained via the torsional 
pendulum test to be 6.81 GPa. The transverse Young’s modulus (𝐸𝑓22) was measured 
with the aid of nano-indentation technique to be 13.4 GPa. The tensile strength (𝜎𝑡𝑚), 
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modulus (𝐸𝑚) and in-plane shear strength (𝜏𝑚) of epoxy were determined to be 60.18 
MPa, 3.3 GPa and 41.03 MPa, respectively. This study is designed to fill the gap and the 
results can serve as reliable references for further investigation of the carbon fibre or as 
inputs in multi-scale simulation of fibrous composites. Furthermore, the applied test 
methodologies are useful for the characterization of other types of fibrous materials as 
well.  
 
Moreover, to obtain the interfacial properties of the single carbon fibre and epoxy, 
microbond tests were carried out. The apparent interfacial shear strength (𝐼𝐹𝑆𝑆𝑎𝑝𝑝) of 
carbon fibre/L20 epoxy resin was 28.12 MPa. The interfacial fracture toughness was 
calculated in terms of the critical energy release rate 𝐺𝐼𝑐. After surface treatment with 
mixed acid, the interfacial adhesion was improved to approximate 36.33 MPa whereas 
the over-oxidation damaged the tensile strength of carbon fibre as well as the toughness 
of the interface. Surface roughening and functional group bonding may have played 
predominant roles in the enhancement of interfacial properties. Apparently, severe 
surface flaws were introduced by strong acid etching after a longer time of treatment 
(over 30 min), resulting in a reduction of both filament’s tensile strength and interfacial 
fracture toughness. From our study, the surface treatment time of 15 min was deemed 
optimal for an optimal improvement of both the strength and interfacial energy 
dissipation. The microscopic study indicated importance of the cohesive failure mode at 
interface for achieving high fracture toughness.  
 
Finally, numerical studies were carried out at the micro-scale RUC of the fibre yarns. The 
computed global stress-strain curve was observed to be in good agreement with the 
experimental data. Using properties of constitutive materials, the effective elastic 
properties of fibre yarns were successfully simulated and ready as inputs for the meso-
scale models.  
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Chapter 4* Strength Prediction of Bi-axial Braided Composites 
 
Strength Prediction of Bi-axial Braided Composites 
 
In this chapter, with results of the micro-scale model, a meso-scale 
unit cell was developed to predict tensile strength of bi-axial braided 
composites. In this model, Hashin’s 3D and Stassi’s failure criteria 
were presented with a Murakami-type stiffness-degradation law in a 
user-defined USDFLD subroutine. Then, a macro-scale model was 
built to predict flexure damage. The predictive capability of the 
developed models was illustrated with relevant mechanical tests.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*This section published substantially as C. Wang, Y. C. Zhong, P. F. B. Adaikalaraj, X. B. Ji, A. 
Roy, V. V. Silberschmidt, and Z. Chen. J. Mater. Sci. 2016, 51, 6002-6018. 
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4.1 Introduction 
 
The multi-scale scheme can be used to link microscopic failure effects with meso- and 
macro-scale responses of the braided composites [1-5]. Among models with different 
length scales, the meso-scale model is still the most important part to obtain stress (and 
strain) distributions throughout the braided structure. Hence, meso-scale modelling is 
rather challenging and should be done carefully [6]. Although either classical failure 
criteria or newly developed mechanical theory were incorporated into multi-scale 
schemes for strength prediction for braided composites, reliability and accuracy of those 
schemes are still debatable [7-9].  
 
With a micro-scale model built with hexagonal arrays of fibres, effective elastic constants 
and strengths of yarns under different loading conditions were successfully obtained. In 
this chapter, the results of microscopic studies were used as input for material properties 
of the meso-scale model. Hashin’s 3D and Stassi’s failure criteria were presented with a 
stiffness degradation model in a user-defined subroutine for the FE software 
ABAQUS/Standard. The overall stress-strain curve obtained with the meso-scale model 
was correlated with experimental data. Then, the predictive capability of the developed 
model was illustrated with some case studies. The aim of this study is to attempt a multi-
scale modelling framework accounting for the underlying physical mechanisms that drive 
deformation and damage in the braided composite under static loading states. 
 
With regard to experiments, mechanical properties of braided composites were studied in 
this chapter. Mechanical tests completed included tensile test and three-point bending test. 
The development of damages during mechanical testing was analysed. This will serve as 
fundamental knowledge for the development and validation of the numerical model. 
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4.2 Experimental 
 
4.2.1 Sample Preparation 
 
Dry carbon fibre bi-axial sleeves were initially braided from A-42-12k fibre tows 
containing 12,000 fibre filaments. The epoxy resin used was also L-20 epoxy resin. 
Aluminium moulds with cavities which have the same geometry of the target samples 
were prepared. Dry braids were first placed into the cavities. Later L-20 epoxy resin was 
manually applied to the dry braids. The whole assembly was then placed into a vacuum 
bag. The samples were initially cured at room temperature in a vacuum environment for 
24 hours. Finally, the samples were post-cured at 60°C. The samples thus prepared had 
uniform braiding angle throughout the sample and the carbon fibres were continuous. The 
dimensions of these samples were 250 mm × 20 mm × 1.6 mm. 
 
 
Figure 4.1 Set up of (a) longitudinal tensile test and (b) three-point bending test. 
4.2.2 Tensile Test 
 
Tensile tests of braided composites were conducted following the ASTM standard D3039. 
The specimens were tested using an MTS 810 hydraulic material testing system at the 
crosshead speed of 1 mm/min with the gauge length of 150 mm. Aluminium tabs were 
bonded to the two ends of each test sample to give good gripping. An axial extensometer 
was attached to the specimen during the tensile test to measure the strain (Figure 4.1(a)). 
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The braiding angles of the samples were measured before testing as the average value for 
three different positions.  
 
4.2.3 Three-point Bending Test 
The samples were the same as the fabrication technique for tensile testing samples. The 
three-point bending test was carried out according to ASTM D790. The span-to-thickness 
ratio was 40:1. The loading nose and supports have cylindrical surfaces with the radii of 5 
mm. The nose moves down with a constant speed of 2 mm/min. The three-point bending 
configuration can be seen in Figure 4.1(b). After the test, the damaged specimen was 
observed using a Zeiss stereo optical microscope. 
 
4.3 Finite-Element Model and Damage Mechanics 
 
4.3.1 Meso-scale Unit Cell 
 
A bi-axial braided textile preform consists of interlaced +𝜃 and −𝜃 bias yarns [7, 10] 
(Figure 4.2). In creating unit cells these components were modelled separately using 
SolidWorksTM. Bias yarns were created by sweeping a cross-section with an elliptical 
shape along a predefined undulating path. To do this in SolidWorks, the cross-section 
shape of the yarn was drew first, followed by defining path for sweep. The path was 
undulated, controlled by knee angles and other parameters. After generation, yarns can be 
interlocked with each other without overlapping. From a careful observation of a 
complex microstructure of a braided textile, a repeating unit can be identified as shown in 
Figures 4.2(a) and (b). The geometric parameters marked in Figure 4.2 include the 
braiding angle 𝜃 , width and thickness of braiding yarns 𝑤  and 𝑡 , respectively, the 
distance between neighbouring yarns ε and the gap between the interlacing yarns. In this 
work, all the dimensions were measured for the real braided architecture. The width and 
thickness of yarns were 3 mm and 0.314 mm, respectively. A cross section of the yarn 
was modelled as elliptical shape, with the value of ε and the gap between positive and 
negative bias tows set as 0.2 mm and 0.05 mm. The global fibre volume fraction (𝑉𝑓) of 
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the unit cell was set to be 50% for all the braiding angles; based on it, dimensions of the 
matrix block were chosen. 
 
To facilitate a subsequent FE analysis, the diamond braided textile unit cell was further 
merged with a matrix block as a composite volume element - a meso-scale RUC, as 
shown in Figure 2(c) and (d).  
 
Figure 4.2 Architecture of (a) bi-axial braided textiles, (b) meso-scale model representation, 
(c) the RUC of composite and (d) its side view of RUC. 
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4.3.2 Mesh and Boundary Conditions of Meso-scale RUC 
 
For yarns and the pure matrix block in the meso-scale unit cell, four-node tetrahedron 
elements (C3D4) were used to discretise the complex yarn architecture inside the RUC 
(Figure 4.3(a)).  Since the pure matrix region between the yarns was very thin (~0.02-
0.05 mm), a number of elements required to attain acceptable mesh quality was relatively 
high compared to that for yarns. A mesh-convergence study was carefully carried out to 
avoid any mesh-dependent results. Unlike a micro-scale model, a simple non-periodic 
boundary condition was used in meso-scale RUCs to predict ultimate strengths of the 
braided composite as shown in Figure 4.3(b). To apply PBC, opposite sides of the model 
must have identical nodal coordinates and a constraint equation should be used to tie each 
node pair. However, this becomes difficult to impose as node pairs are not always placed 
symmetrically on either side because of an irregular mesh used to discretise the model. 
Instead, in our modelling, the lateral sides of the unit cell were left free to move, while a 
displacement boundary condition were applied at the top surface of the unit cell and the 
bottom surface was constrained with a pin boundary condition (Figure 4.3(b)). A detailed 
comparison studies [11, 12] of PBC and non-periodic boundary conditions for braided 
composites show that the difference was minimal in case of uniaxial loading conditions. 
This justifies the chosen modelling approach. 
 
Figure 4.3  (a) Meshing unit cell of bi-axial braided composite and (b) displacement-
controlled boundary condition (1 direction is longitudinal loading direction). 
In the meso-scale model, the matrix material was assumed to be isotropic and braiding 
yarns transversely isotropic. Assigning material orientation to yarns is one of the 
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important steps because of yarn’s undulations inside the unit cell. In this work, 
orientation of yarns was assigned discretely, defining a normal surface and principal axis 
(fibre direction). With this method, undulations and tilt regions were assigned with 
precise material orientation at all locations of the mesh in comparison to global 
coordinate system, as shown in Figure 4.4.  
 
Figure 4.4 Segmentation of individual bias yarns and local coordinate systems (Blue arrows 
indicate local direction of “1”; yellow arrows indicate local direction of “2”; and red arrows 
indicate local direction of “3”). 
4.3.3 Failure Criteria and Stiffness-Degradation Model 
 
The Hashin’s 3D failure criteria were applied to define damage initiation of fibre yarns in 
the meso-scale RUCs. The failure criteria are usually established in terms of 
mathematical expressions using the material strengths, with consideration of different 
failure modes of the composite constituents. These criteria have an advantage of being 
capable to predict failure modes and are therefore suitable for progressive damage 
analysis. Hashin [13] proposed two failure modes associated with the fibre tow and the 
matrix, considering both tension and compression:  
Fibre failure in tension: (𝜎1 > 0) (
𝜎1
𝑋𝑇
)
2
+
𝜏12
2 +𝜏13
2
(𝑆12)2
= 1; (4.1) 
Fibre failure in tension: (𝜎1 < 0)  −𝜎1 = 𝑋𝐶; (4.2) 
Matrix failure in tension: (𝜎2 + 𝜎3 > 0)  
 (
𝜎2+𝜎3
𝑌𝑇
)
2
+
𝜏23
2 −𝜎2𝜎3
(𝑆23)2
+
𝜏12
2 +𝜏13
2
(𝑆12)2
= 1; (4.3) 
Matrix failure in compression: (𝜎2 + 𝜎3 < 0) 
 [(
𝑌𝐶
2𝑆23
)
2
− 1]
𝜎2+𝜎3
𝑌𝐶
+ (
𝜎2+𝜎3
2𝑆23
)
2
+
𝜏23
2 −𝜎2𝜎3
(𝑆23)2
+
𝜏12
2 +𝜏13
2
(𝑆12)2
= 1; (4.4) 
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Here, 𝜎𝑖 is the normal stress component in 𝑖 direction; 𝜏𝑖𝑗  are components of the shear 
stress; 𝑋 and 𝑌 denote longitudinal and transverse strengths and 𝑆𝑖𝑗 are the components 
of the shear strength of the fibre tow. 
 
Rupture of the yarn is generally known to be a sudden event without any hardening 
effects. Therefore, in the yarn, once the critical stress level was predicted using the 
Hashin’s failure index [13], an instantaneous degradation scheme was applied depending 
on the mode of failure. Attractive aspects of these schemes are simplicity in 
implementation and computational efficiency for large problems since the DV is defined 
as a constant, whereas in the gradual degradation scheme, the DV is a function of 
evolving solution-dependent variables, thus leading to a large computation time.  
 
According to the Hashin’s 3D criteria, failure modes were identified in both fibre and 
matrix either in tension or compression. In case of fibre failure in compression or tension, 
all the elastic constants were instantly reduced to a near-zero value (drop to 0.1% of the 
initial herein). It should be noted that transverse stiffness is much lower than longitudinal 
stiffness values. As a consequence, any changes in the level of transverse stiffness would 
not affect the fibre strength. For a matrix-failure case, tension and compression are 
separated to account for different failure behaviours under transverse loading. The 
degradation of shear moduli was modified base on the Ladeveze model, in which the 
shear moduli reduction is regards as too sharp and arbitrary [14]. 
 
The Murakami-type degradation model usually involves reducing the material properties 
in a single step once the failure criterion is fulfilled; however, to maintain numerical 
stability the stiffness matrix must be positive. Therefore, in the stiffness matrix of a 3D 
orthotropic material, it is required that 𝐸1 , 𝐸2 , 𝐸3 , 𝐺12 , 𝐺13 , 𝐺23 , 1 − 𝜐13𝜐31 , 1 −
𝜐12𝜐21and ∆=
(1 − 𝜈12𝜈21 − 𝜈32𝜈23 − 𝜈13𝜈31 − 2𝜈21𝜈32𝜈13)
(𝐸1𝐸2𝐸3)
⁄  are non-negative. 
In addition, the material properties should satisfy a Maxwell-Petti reciprocal theorem, i.e. 
𝜈𝑖𝑗
𝐸𝑖
=
𝜈𝑗𝑖
𝐸𝑗
 and  |𝜈𝑖𝑗| < √
𝐸𝑖
𝐸𝑗
 , for 𝑖, 𝑗 = 1, 2, 3 and 𝑖 ≠ 𝑗. 𝜀, 𝐸, 𝐺 and 𝜐 herein are strain, the 
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elastic modulus, the shear modulus and the Poisson’s ratio in corresponding principal 
directions. 
 
In summary, a flow chart, depicting all the steps involved in the FE analysis process to 
perform progressive failure analysis of yarns, is presented in Figure 4.5. Initially, a solid 
model of the unit cell was developed using SolidWorks CAD package. Then, the 3D unit-
cell geometry was imported into ABAQUS CAE. In the Abaqus pre-processor, material 
properties and orientation, boundary conditions and meshing were defined. Then a non-
linear behaviour of the unit cell under displacement was simulated.  
 
 
Figure 4.5 Flow chart for micro-/meso-scale damage analysis. 
The developed micro- and meso-scale models were implemented separately. The 
simulation procedure in both situations was similar. First, for each element, different 
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modes of failure were captured using a failure index from the solution from the previous 
time increment. Second, if any of the failure indices reach a value of one, elastic 
constants were reduced in a single step according to the mode of failure, and the global 
stiffness matrix was assembled from effective stiffness matrices. This global system was 
solved to obtain nodal force vectors. Finally, this process was repeated until the specified 
total displacement condition was satisfied.  
 
The damage-initiation criteria with the property-degradation model were implemented 
into the ABAQUS with the USDFLD subroutine. For each small displacement increment, 
the elastic stiffness matrix was calculated according to the hypothesis of strain 
equivalence in continuum damage mechanics. The material properties of fibres, epoxy 
and their interface were characterized experimentally in Chapter 3. The results are listed 
in Tables 4.1-4.3. 
 
Table 4.1 Properties of A-42 carbon fibres for micro-scale model. 
Material Property Value 
Longitudinal modulus, Ef1 (GPa) 239.5 
Transverse modulus, Ef2=Ef3 (GPa) 13.4 
Longitudinal shear modulus, Gf12=Gf13 (GPa) 6.81 
Transverse shear modulus, Gf23 (GPa) 4.8 
Major Poisson's ratio, vf12=vf13 0.2 
Minor Poisson's ratio, vf23 0.25 
Tensile strength of yarns in fibre direction, Xft (GPa) 3.16 
Compressive strength of yarns in fibre direction, Xfc 
(MPa)  
728.8 
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Table 4.2 Properties of epoxy for multi-scale model. 
Material Property Value 
Elastic modulus, Em (GPa) 3.30 
Elastic Poisson's ratio, vm 0.35 
Tensile strength, XmT (MPa) 60.18 
Compression strength, XmC (MPa) 107.37 
Shear strength, Sm (MPa) 41.03 
 
Table 4.3 Properties of carbon fibre/epoxy interface for micro-scale model. 
Material Property Value 
Interfacial shear strength, tI (MPa)    28.12 
Interface fracture energy, GIc (J m-2) 12.9 
 
4.3.4 Numerical Model for Three-point Bending 
 
The FE model was carried out a macroscopic view separately. The braided composite 
specimen was regarded as a homogeneous orthotropic material. The material properties 
(elastic constants) were calculated from meso-scale RUC of braided composites. In 
macro-scale model, maximum-stress criteria with respect to tensile and compressive 
failure modes were applied to composite instants with C3D4 elements meshed. The 
loading nose and supports with cylindrical surfaces were regarded as rigid bodies. The 
assembly of three-point bending configuration can be seen in Figure 4.6.  
 
Figure 4.6 Macro-scale model of three-point bending test. 
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4.4 Results and Discussion 
 
4.4.1 Meso-scale Failure Analysis of 30° Bi-axial Braided RUC in Tension 
 
In this section, the failure analysis of a 30° biaxial braided composite was studied as a 
typical case to verify the developed meso-scale modelling approach. Composite 
specimens with the same braiding angle (30°) were prepared to compare FE analysis with 
experimental data. 
 
The results of mesh-convergence study were presented in Figure 4.7. Different numbers 
of elements were applied to 30° bi-axial braided RUC, varying from 80192 to 112309. It 
can be seen that the nonlinear behaviour keeps consistent when element size changes. 
Although the element size affects the post-peak degradation, the mismatch of the ultimate 
strength value is within 2.3%, which is far smaller than the error obtained in experimental 
study.  
 
Figure 4.7 Stress-strain curves of braided composites RUC for mesh convergence verification. 
Macroscopic stress-strain curves obtained with both numerical and experimental methods 
are shown in Figure 4.8(a). The computed initial modulus matches well with the 
experimentally determined magnitude: the numerical results show a peak of 507.9 MPa at 
~1.44% strain, while the average strength in experiments is 491.1 MPa. The computed 
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ultimate strength and strain of meso-scale RUC are in good agreement with the respective 
experimental values of braided composites.  
 
Evolution of damage variable,  𝐷 = 1 − ?̅?/𝐸 , under tensile loading (Figure 4.8 (b)) 
indicates the accumulation of damage in the whole unit cell. Here, no failure occurs until 
point A (at strain of 0.35%); after this point, damage variable begins to increase slowly 
due to initiation of micro-cracks. The cracks propagate slowly till point B. The damage 
accumulates and grows rapidly after the peak value is finally reached at point C.  
Evolution of effective damage in experiments is similar to the simulation result. The 
elastic stage is slightly shorter than that in simulations, indicating that micro-cracks may 
initiate even at very low strains.   
 
Figure 4.8 (a) Global stress-strain response, (b) evolution of damage variable and (c) 
instantaneous stiffness of 30° bi-axial braid in tension. 
The instantaneous stiffness response, defined as the ratio of differential stress to 
differential strain (𝐸𝑘 =
𝑑𝜎𝑘
𝑑𝜀𝑘
=
𝜎𝑘+1−𝜎𝑘
𝜀𝑘+1−𝜀𝑘
, 𝑘 = 1,2,3…  ), is shown in Figure 4.8(c). The 
experimental data shows a wide variation (due to experimental noise). However, on 
processing the data with a fast-Fourier-transform (FFT) low-pass filter (cutoff frequency 
40.97), the results show a good match. According to Jia [15], at the initial stage (before 
point A), the obvious variation of instantaneous stiffness response is attributed to the 
initiation of micro-scale cracks. This phenomenon cannot be captured in simulations as 
no failure occurs according to the chosen constitutive model. After point A, the computed 
tensile modulus decreases gradually with axial loadings, while the amplitude of 
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experimental instantaneous stiffness varies with a general decreasing trend. It is also 
reported that as the strain increases during the loading process, the level of the yarn 
undulation is reduced. The bias yarns are reoriented along the loading direction 
(straightening effect), which may also result in perceived oscillation of the instantaneous 
stiffness curve [7]. At higher strain levels, the tangent modulus decreases in experimental 
and simulation data. This observation is attributed to matrix cracking with the continuous 
generation of new cracks [16]. 
 
In general, the non-linear stress-strain response of braided textile composite is attributed 
to a complicated character of stress distribution and different failure modes. The Hashin 
failure criteria capture the necessary failure modes in the meso-scale adequately. 
Damaged elements (marked in red) are presented in Figure 4.9 for three specific strain 
levels (labelled as A, B and C on the stress-strain curve in Figure 4.8). Apparently, 
element failure initiates first from the interlacing area of bias yarns at strain of ~0.35%, in 
both matrix tension and compression modes. This implies that matrix cracking starts in 
the plane parallel to the fibre and between them. Next, failure propagates from the area of 
undulation to the edge of the yarn at strain of ~0.72%. Correspondingly, damage occurs 
in pure matrix, which is possibly a reason of the kink in the stress-strain curve (point B in 
Figure 4.8). Matrix damage is distributed mainly in the yarns’ crossing and the 
undulation regions. At strain of 1.44%, failure of fibre tow in the matrix modes is 
significant (along with matrix damage), resulting in a drop of the load-carrying capacity 
(point C in Figure 4.8). Interestingly, fibre-mode failure in the tows is not observed even 
at high strains in the composite. 
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Figure 4.9 Damage contours of 30° bi-axial braid in tension. 
The stress and strain distributions in the meso-scale RUC (Figure 4.10) can be used for 
analysis of locations, at which failures are likely to occur. It was found that von Mises 
stress concentrated at the edge of the fibre tow, along the tow direction. The damage, 
therefore, propagated along the yarn in the direction of the fibres [1]. For braided 
composites, the matrix failure mode is attributed to both normal and shear stress 
components even though the magnitude of the former was observed to be higher than that 
of the latter. Generally, normal stress are distributed uniformly (Figure 4.10), but shear 
stress concentrates in the interlocked area of the undulated yarns. Under the combination 
of normal and shear stresses, deformation is severe in the edge region of yarns, where the 
elements are damaged both in matrix tension and compression modes. According to the 
strain distribution (Figure 4.10), the unit cell mainly undergoes positive strain along the 
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loading direction and negative strain in the regions with undulation due to the Poisson’s 
effect with relatively small shear strain [17]. 
 
Figure 4.10 Stress distribution in meso-scale RUC at strain level of 0.73%. 
4.4.2 Failure Analysis of Meso-scale RUC with Different Braiding Angles 
 
In this section we study meso-scale bi-axial unit-cell models under tension to predict the 
ultimate failure strength and damage progression for different braiding angles. Figure 
4.11 shows the simulated stress-strain curves of RUCs for 10 braiding angles, varying 
from 15° to 60°. 
 
Figure 4.11 (a) Stress-strain responses of bi-axial braids at 10 different braiding angles and (b) 
peak strength for structures of larger braiding angles reached at much larger strains. 
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As the braiding angle increases, the levels of stiffness and ultimate strength gradually 
decrease as seen in Figure 11. For the braiding angle of 15°, the stress-strain behaviour is 
almost linear up to failure while stress-strain behaviours for braiding angle larger than 20° 
show a more non-linear response, implying progressive damage accumulation reducing 
the overall stiffness of the component. Interrogation of the specifics of the failure 
mechanism for braiding angles of 25° to 40° demonstrates that it is similar to that for the 
30° case analysed in Section 4.2. For the braiding angles larger than 45°, the levels of 
ultimate failure strain increase. Here, the matrix dominates the overall component’s 
performance, with the minimal contribution from the fibres. For simplicity, braided 
composites are divided here into three categories based on small (15°), medium (20°-45°) 
and large braiding angles (50°-60°). The meso-scale modelling results for two categories 
are discussed below.  
 
The onset of local damage and its progression in fibre tows and matrix were investigated; 
the damage contours of the 15° bi-axial braided composite are shown in Figure 4.12. 
Neither fibre nor matrix damage is observed until the strain of 0.4%. First, the onset of 
damage occurs in the matrix along the interfacial region adjacent to the yarns, then 
damage accumulates in the matrix, and the fibres rupture in the longitudinal direction at 
strain of 1.4%, resulting in the sudden decrease of the stress-strain response. A linear 
character of the macroscopic stress-strain curve indicates that fibres rupture 
simultaneously with initial fibre failure before the matrix cracking occurs completely in 
the component. At strain of 1.8%, fibre damage is significant. Comparing this to the case 
of the braiding angle of 30°, fibre failure in tension plays a key role in the ultimate failure 
of the composite. Thus, the stress-strain response of 15° the braided composite has the 
highest ultimate strength.  
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Figure 4.12 Stress-strain response and damage contours of 15° bi-axial braided RUC (damage 
in tow includes fibre damage mode, matrix damage in tension and compression modes; pure 
matrix damage means damage in matrix block). 
As the braiding angle becomes larger, the load-carrying capacity of the yarns is reduced 
as reflected in the lower peak stresses. For example, the composite with a braiding angle 
of 55° demonstrates a peak stress, which is approximately half of that for the 30° 
composite (Figure 4.13). This is due to the fact that in the former, matrix damage 
becomes dominant in contrast to the case of braided composites with lower braiding 
angles. As observed, the unit cell suffers from large deformation around the yarn edges in 
the regions with undulation at a strain of ~0.64%. Matrix damage is observed to 
accumulate rapidly in the tension mode (Figure 4.13), both in tows and the matrix block, 
at strain levels of 1.08% and 3.60%. It is noticed that no fibre damage occurs because the 
longitudinal stress level is low in this case. Although the matrix in the tension mode is the 
main damage mechanism, effects of shear interactions were found to cause the matrix 
failure in the longitudinal direction of the yarn. Hence, the Hashin criteria here clear 
advantages in accounting for the effects of shear stress (S12 and S13).  
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Figure 4.13 Stress-strain response and damage contours of 55° bi-axial braided RUC (damage 
in tow includes matrix damage in tension and compression modes; pure matrix damage means 
damage in matrix block). 
 
Figure 4.14 Effect of braiding angle on tensile strength of bi-axial braided RUC. 
Thus, in summary, it can be concluded that with an increase in the braiding angle, the 
effects of matrix damage modes become prominent, causing non-linear behaviour of the 
material until ultimate failure. The failure paths tend to propagate along the tow 
orientation. Also, tensile strength of the bi-axially braided composite material decreases 
Strength Prediction  Chapter 4 
110 
 
with the braiding angle (Figure 4.14). It is noted that this strength is sensitive to the 
braiding angle at magnitudes below 40°. Furthermore, with an increase in the braiding 
angle, the Young’s modulus of the bi-axial braided unit cell follows a hyperbolic 
decreasing trend similar to that of strength variation (Figure 4.15). 
 
Figure 4.15 Effect of braiding angle on Young’s modulus of bi-axial braided RUC. 
4.4.3 Tensile Behaviour of Braided Composites  
 
Besides providing global stress-strain curve to validate proposed FE model, experimental 
observations give a full response of braided composites to tension, especially after the 
peak-load point. 
 
Figure 4.16 shows a typical load-extension curve and the corresponding damage 
characteristics of braided composites under tensile loading. For UD and woven 
composites, their tensile load-extension or stress-strain curves are nearly linear up until 
reaching the peak. However, it was found that behaviour of braided textile composites 
had three phases during tensile test. Initially, the load increased nonlinearly with 
extension. After certain amount of elongation, the load decreased suddenly (Phase I in 
Figure 4.16(a)). In this phase, matrix epoxy between fibre tows, which bound the fibre 
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tows and transferred the load, failed leading to nonlinear behaviour and the drop in the 
magnitude of tensile load. This part was very well captured in FE modelling.  
   
Figure 4.16 Tensile load-extension curves and the corresponding failure features of braided 
composites: (a) matrix failure, (b) necking and (c) fibre breakage. 
When the tensile testing was continued, necking at the centre of the specimen was 
observed because of tow realignment. As seen in Figure 4.16(b), the width of the sample 
was apparently smaller than its original width, and realignment of fibre tows reduced 
braiding angle. In such a Phase II, the load increased again gradually with extension. This 
is because although larger percentage of matrix failed with cracking, fibre tows were still 
continuous and fibre breakage did not occur. Hence, the major failure mode of Phase II 
was still matrix cracking. Then, as the specimen was further stretched, the fibre tow 
would finally break (Figure 4.16(c)), which is expected as Phase III. 
 
4.4.4 Response of Braided Composites to Bending 
 
The flexure load-deflection curves were obtained by both experimental and numerical 
methods, which are shown in Figure 4.17(a). The predicted flexure-deflection curve was 
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agreed well with experimental observations. When loaded under bending, the flexure 
load increased linearly with deflection until damages were induced to the sample under 
testing. Generally, fibre breakage was the major failure mode that accounted for the 
decrease or fluctuation in the flexure load.  
 
Figure 4.17 (a) Predicted flexure-deflection curve and (b) damage variables subjected to 
bending failure. 
The damage variables obtained with simulation are shown in Figure 4.17(b) and (c). 
Since both the stress and strain maximum at middle of specimen, failures were usually 
easier to be initiated exactly under bending nose. Specimen suffers from compressive 
stress on the top surface while tensile stress on the bottom. Therefore, the main failure 
mode on the top is fibre failure in compression and matrix failure mode in the bottom. 
Numerical results were also validated by the damage morphology presented in Figure 
4.18.  For braided textile composites under bending, it was found that failure mainly 
occurred at the top surface, where breakage of fibre tows due to compressive and shear 
stresses were observed. Instead, matrix damage can be noticed at the bottom surface 
while no fibre damages were observed. 
 
This modelling case of bending test again demonstrates failure criteria with a Murakami-
type stiffness-degradation law can be effectively applied for strength prediction and 
damage analysis of braided composites under static loading. The hierarchy of the multi-
scale modelling approach was successfully developed from constituent materials to 
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interlacing unit cells, and then composite coupons. Good efficiency and accuracy of these 
numerical models were achieved as well.  
 
Figure 4.18 Damage characteristics of braided textile composites under bending load applied 
normal to the surface of the sample. 
4.5 Summary  
 
To predict deformation characteristics of braided textiles reinforced composites 
accurately, three essential steps were followed. First, material properties were obtained 
via experiments to guarantee the accuracy of input data. Next, a realistic geometrical 
model was developed and, finally, appropriate failure criteria were incorporated. 
Numerical studies were carried out at the micro-scale followed by those with the RUCs 
of the braided composite. In the cases of tensile and flexure loading, the computed global 
stress-strain curves were observed to be in good agreement with the experimental data.   
 
According to this study, failures in braided composites may be classified into three 
categories based on the chosen angle of braiding. For small the braiding angles (for 
example, 15°), the composite failed catastrophically, primarily due to fibre damage. For 
medium braiding angles (20°-45°), the stress-strain response indicated matrix cracking 
and matrix/yarn debonding before fibre breakage. Higher ultimate strain levels were 
observed for braided composites with large braiding angles (50°-60°). This was attributed 
to the accumulation of matrix-dominated damage in yarns as well as in the pure matrix 
Strength Prediction  Chapter 4 
114 
 
region. In summary, our computational studies indicate that, with an increase in the 
braiding angle, yarns suffer from continuous failure during axial tension and the effects 
of matrix damage become prominent, causing a decrease in ultimate strength and the 
Young’s modulus. Moreover, according to experiments, the response of braided textile 
composites under static loading consisted of three phases. Phase I was characterised by 
the nonlinear increase of tensile load with extension and then dropped after peak point 
because of progressive damage of epoxy resin between fibre tows. When Phase II was 
started, tensile load increased again with necking and realignment of fibre tows. Finally, 
fibre tows broke at Phase III. 
 
In sum, the capability of the multi-scale modelling approach was successfully 
demonstrate in the length scales of constituent materials, interlacing unit cells and 
composite coupons. Experiments also provided fundamental insights for mechanical 
behaviour of bi-axial braided composites. 
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Chapter 5* Study of Braided Composites under Low-velocity Impact 
 
Study of Braided Composites under Low-velocity Impact 
 
This Chapter aims at investigating a response of braided composite to 
low-velocity impact both experimentally and through FE simulation.  
Macro-scale models of braided composites are used to study 
composite fracture and delamination under impact using 
ABAQUS/Explicit. Specifically, both surface- and element-based 
cohesive-zone models were analysed. The effect of the out-of-plane 
stress component on the global response of the studied composite 
during impact was investigated by adopting plane and 3D CDM 
formulations. The experimental data were compared to the simulated 
results, and the main energy dissipation mechanisms of the braided 
composite were discussed. The main damage mechanisms of braided 
composites under low-velocity impact were delamination, matrix 
failure and, uniquely for the braided composite, inter-yarn debonding. 
 
 
 
 
 
 
 
 
*This section published substantially as C. Wang, A. Roy, Z. Chen, and V. V. Silberschmidt. 
Mater. Des. 2017, 136, 258-269. 
Braided Composites under Impact  Chapter 5 
118 
 
5.1 Introduction 
 
In sports-protection applications, the components are typically subjected to low-velocity 
impacts, where energy-absorption capability is of greater importance in contrast to 
structural integrity of the component. To enhance material design for such applications, a 
study of braided composites under impact loads becomes crucial and important [1]. There 
is a strong need to develop robust FE models capable of predicting dynamic behaviour of 
composites, considering multiple damage mechanisms [1-4]. Once successfully 
developed, the models can then be used to study various impact conditions that are 
cumbersome to reproduce in experimental studies. 
 
However, a large number of factors affect the impact behaviour of composites, making its 
numerical modelling a challenge [5-13]. It is well known that cohesive zone models 
(CZM) were used widely to model processes at the composite interface [5-7]. Referring 
to two acceptable approaches, surface- and element-based CZM [6-10], there is a lack of 
systematic studies to compare their advantages and shortcomings. Moreover, planar 
CDM degradation models controlled by energy-dissipation constants were implemented 
in the ABAQUS/Explicit and DYNA3D FE codes for predicting the impact damage 
resistance of woven composite laminates [9, 12]. The approach is popular because of its 
relative simplicity and acceptable results; however, some studies claimed that the normal 
stress in the through-thickness direction was neglected; therefore 3D stress and strain 
states with the use of a user-defined subroutine should be adopted [13]. Continuum 3D 
stress elements should be applied instead of shell elements to model composite plies, 
which is investigated in this Chapter. 
 
This Chapter aims at investigating a response of braided composite to low-velocity 
impacts both experimentally and through FE simulation. Here, macro-scale models of 
braided textile reinforced composites are presented as a part of multi-scale approach. It is 
used to study composite fracture and delamination under impact using ABAQUS/Explicit. 
Specifically, both surface- and element-based cohesive-zone models were analysed. The 
effect of out-of-plane stress component on the global response of the studied composite 
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during impact was investigated by adopting plane and 3D CDM formulations. The 
damaged samples were characterized with X-ray micro-computed-topography (Micro-CT) 
scanning. The experimental data were compared to the simulated results, and the main 
energy dissipation mechanisms of the braided composite were discussed.  
 
5.2 Experimental 
 
A braided preform of the studied composite contained carbon fibre tows (AKSAca A-42-
12k); a matrix material was Bakelite® EPR-L20 epoxy resin mixed with EPH-960 
hardener at a weight ratio of 100:35, and the mixture was then degassed for 
approximately 30 minutes. The epoxy resin was injected into the preform employing a 
vacuum-assisted resin-infusion (VARI) method before curing for 24 hours at room 
temperature followed by 15 hours at 60°C. The braiding angle in the laminates was 
measured as 25º and a fibre volume fraction was about 55%. The plates were cut into 
pieces with dimensions of 55 mm × 55 mm ×1.6 mm; each plate consisted of two layers 
of the braided textile. 
 
The drop-weight test programme was carried out with a 9250HV Instron Dynatup test 
system, as shown in Figure 5.1. A spike-shape impactor was chosen considering real-life 
conditions of sports impact collisions between football shoes and shin-guards. The 
impactor had a flat bottom with a radius of approximately 10 mm (Figure 5.1(b)) and a 
weight of 6.164 kg. The testing machine was equipped with an anti-rebound system to 
prevent multiple impacts on the tested specimen. The low-velocity impact tests were 
carried out according to ASTM Standard D 7136, with different impact energies (3 J, 6 J 
and 9 J); this was achieved by varying the initial height of the impactor with a constant 
mass. The specimens were supported on a pneumatically clamped ring with a 40 mm 
internal diameter. Magnitudes of time, energy, force, deflection, and velocity were 
recorded automatically by the system.  
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Figure 5.1 (a) Drop-weight impact test setup with (b) spike-shape impactor and (c) plate 
braided composite specimen. 
All the specimens were inspected post-test with X-ray Micro-CT measurements using a 
Metris 160 H-XT Micro-CT system to investigate the extent of the internal damage and 
delamination. Each scan was conducted at 60 kV and 150 μA using a tungsten target, 
with 2650 radiography projections taken over the 360° rotation for each specimen at an 
exposure of 500 ms. 
 
5.3 Drop-weight Impact Model and Damage Mechanics 
 
The braided composite was modelled employing a multi-scale modelling approach, with 
information being passed across length-scales [14]. Chapter 3 and Chapter 4, involving a 
microscopic model, consisting of hexagonally arranged carbon fibre filaments and 
polymeric matrix, provided the necessary material constants for the fibre tow. 
Subsequently, a meso-scale unit cell was used to describe the braided architecture of the 
fibre bundles and to provide material properties for the macro-scale model. Here, a 
crucial part of the multi-scale strategy, a physically-based macroscopic model for braided 
textile-reinforced composites, is presented.  
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5.3.1 Progressive Failure Analysis of Braided Composites 
 
The 3D Hashin damage criteria [15, 16] are used to model the damage in composites. 
After damage initiation, the response of the material was computed according to a 
damage-evolution law based on stress-displacement behaviours of six failure modes. The 
values of initiation damage criteria ∅𝐼 for each type of failure mode I are as follows: 
Fibre tensile failure in longitudinal direction ∅𝐿
𝑡 : (𝜎1 ≥ 0) 
 ∅𝐿
𝑡 = (
𝜎1
𝑋𝑇
)
2
+ 𝜑[𝛼
𝜏12
2
(𝑆12)2
+ 𝛼
𝜏13
2
(𝑆13)2
] = 1; (5.1) 
Fibre compressive failure in longitudinal direction ∅𝐿
𝑐 : (𝜎1 < 0) 
 ∅𝐿
𝑐 = (
𝜎1
𝑋𝐶
)
2
= 1; (5.2) 
Matrix tensile failure in transverse direction ∅𝑌
𝑡 : (𝜎2+𝜎3 ≥ 0) 
 ∅𝑌
𝑡 = (
𝜎2+𝛼𝜎3
𝑌𝑇
)
2
+ 𝛼
𝜏23
2 −𝜎2𝜎3
(𝑆23)2
+
𝜏12
2
(𝑆12)2
+ 𝛼
𝜏13
2
(𝑆13)2
= 1; (5.3) 
Matrix compressive failure in transverse direction ∅𝑌
𝑐 : (𝜎2+𝜎3 < 0) 
 ∅𝑌
𝑐 = [(
𝑌𝐶
2𝑆23
)
2
− 1]
𝜎2+𝛼𝜎3
𝑌𝐶
+ (
𝜎2+𝛼𝜎3
2𝑆23
)
2
+ 𝛼
𝜏23
2 −𝜎2𝜎3
(𝑆23)2
+
𝜏12
2
(𝑆12)2
+ 𝛼
𝜏13
2
(𝑆13)2
= 1. (5.4) 
Matrix tensile failure in thickness direction ∅𝑍
𝑡 : (𝜎3 ≥ 0) 
 ∅𝑍
𝑡 = (
𝜎2+𝜎3
𝑍𝑇
)
2
+
𝜏23
2 −𝜎2𝜎3
(𝑆23)2
+
𝜏12
2
(𝑆12)2
+
𝜏13
2
(𝑆13)2
= 1. (5.5) 
Matrix compressive failure in thickness direction ∅𝑍
𝑐 : (𝜎3 < 0) 
 ∅𝑍
𝑐 = [(
𝑍𝐶
2𝑆23
)
2
− 1]
𝜎2+𝜎3
𝑍𝐶
+ (
𝜎2+𝜎3
2𝑆23
)
2
+
𝜏23
2 −𝜎2𝜎3
(𝑆23)2
+
𝜏12
2
(𝑆12)2
+
𝜏13
2
(𝑆13)2
= 1 (5.6) 
In Eqs. (5.1)-(5.6), 𝑋𝑇 , 𝑌𝑇  and 𝑍𝑇  denote tensile strengths in the longitudinal (X), 
transverse (Y) and through-thickness (Z) directions of the braided composite, respectively. 
𝑋𝐶, 𝑌𝐶 and 𝑍𝐶  are compressive strengths in the X, Y and Z directions of the composite, 
respectively. In indices of stress and strain components, 1, 2 and 3 directions are used to 
described X, Y and Z, respectively. Hence, 𝑆12, 𝑆13 and 𝑆23 signify in-plane and two out-
of-plane shear strengths, respectively. The effective normal and shear stress components 
are denoted by 𝜎𝑖 and 𝜏𝑖𝑗 (𝑖, 𝑗 = 1,2,3; 𝑖 ≠ 𝑗), respectively. A plane-stress factor in each 
mode is represented with 𝛼. When the through-thickness stress component is ignored, 
𝛼 = 0, otherwise, in a three-dimensional case, 𝛼 = 1. 
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For undamaged and elastic orthotropic composite materials, the stress-strain relationship 
can be written as  
 
{
 
 
 
 
𝜎11
𝜎22
𝜎33
𝜏12
𝜏23
𝜏13}
 
 
 
 
=
[
 
 
 
 
 
𝐶11 𝐶12 𝐶13
𝐶21 𝐶22 𝐶23
𝐶31 𝐶32 𝐶33
0     0    0
0     0    0
0     0    0
𝑠𝑦𝑚
𝐶44  0 0
𝐶55 0
𝐶66]
 
 
 
 
 
{
 
 
 
 
𝜀11
𝜀22
𝜀33
𝛾12
𝛾23
𝛾13}
 
 
 
 
, (5.7) 
where 𝜎𝑖𝑗  and 𝜏𝑖𝑗 are normal and shear stresses, 𝜀𝑖𝑗 and 𝛾𝑖𝑗 are normal and shear strains, 
𝐶𝑖𝑗 are the stiffness coefficients.  According to continuum damage mechanics (CDM), in 
a finite-element (FE) method, the damage was considered distributed continuously in a 
finite element, and the ply-damage models assumed that when the values in the initiation 
damage criteria ∅𝐼 were equal to unity, the local stiffness of material 𝐶𝑖𝑗 degraded. When 
the constituents of material failed in an element, it dissipated energy equal to its elastic 
energy. According to Lapczyk and Miami’s approach [16, 17], a characteristic element 
length was introduced into the expression to solve a mesh-dependence problem. The 
equivalent displacement at failure point 𝑋𝑒𝑞
𝑓  was defined as follows: 
 𝑋𝑒𝑞
𝑓 = 𝜀𝐼𝑓𝑙, (5.8) 
where 𝑙 is the characteristic length of the element and 𝜀𝐼𝑓 is the equivalent failure strain 
of failure mode I. Thus, degradation of stiffness tensors was characterized by a damage 
matrix, 𝑪(𝑫),  defined by internal damage variables 𝑑𝐼  associated to different failure 
modes I [18]. The damage variable of each failure mode is expressed by the following 
equivalent displacement: 
 𝑑𝐼 =
𝑋𝑒𝑞
𝐼𝑓
(𝑋𝑒𝑞
𝐼 −𝑋𝑒𝑞
𝐼𝑖 )
𝑋𝑒𝑞
𝐼 (𝑋𝑒𝑞
𝐼𝑓
−𝑋𝑒𝑞
𝐼𝑖 )
  (𝐼 = 𝐿𝑡, 𝐿𝑐, 𝑌𝑡, 𝑌𝑐, 𝑍𝑡, 𝑍𝑐). (5.9) 
In Eq. (5.9), XIieq and X
If
eq are the initiation and full-damage equivalent displacements of 
failure mode I, respectively. XIieq and X
If
eq can be calculated with the following equations 
[19]: 
 𝑋𝑒𝑞
𝐼𝑖 =
𝑋𝑒𝑞
𝐼
√∅𝐼
, (5.10) 
 𝑋𝑒𝑞
𝐼𝑓 =
2𝐺𝐼
𝜎𝑒𝑞
𝐼𝑖 . (5.11) 
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Here, ∅𝐼 is the value of the initiation damage criteria. 𝐺𝐼  and 𝜎𝑒𝑞
𝐼𝑖  denote the fracture 
energy density and the initiation damage equivalent stress of failure mode I, respectively. 
The initiation equivalent stress 𝜎𝑒𝑞
𝐼𝑖  can be calculated from the following equation: 
 𝜎𝑒𝑞
𝐼𝑖 =
𝜎𝑒𝑞
𝐼
√∅𝐼
. (5.12) 
In Eqs. (5.9)-(5.12), the equivalent stress 𝜎𝑒𝑞
𝐼  and the equivalent displacement 𝑋𝑒𝑞
𝐼  
associated to the different failure modes are expressed in Table 5.1. The equivalent 
displacements of initiation damage listed in Table 5.1 have the similar forms with Eq. 
(5.8). 
Table 5.1 Equivalent displacements and stresses corresponding to different failure modes. 
Failure mode I Equivalent displacement Equivalent stress 
Lt, σ1≥0 𝑋𝑒𝑞
𝐿𝑡 = 𝑙√< 𝜀11 >2+ 𝜀12
2 + 𝛼𝜀31
2  𝑙(< 𝜎11 >< 𝜀11 > +𝜎12𝜀12 + 𝛼𝜎13𝜀13)/𝑋𝑒𝑞
𝐿𝑡 
Lc, σ1<0 𝑋𝑒𝑞
𝐿𝑐 = 𝑙 < −𝜀11 > 𝑙(< −𝜎11 >< −𝜀11 >)/𝑋𝑒𝑞
𝐿𝑐 
Yt, σ2≥0 𝑋𝑒𝑞
𝑌𝑡 = 𝑙√< 𝜀22 >2+ 𝜀12
2 + 𝛼𝜀23
2  𝑙(< 𝜎22 >< 𝜀22 > +𝜎12𝜀12 + 𝛼𝜎23𝜀23)/𝑋𝑒𝑞
𝑌𝑡 
Yc, σ2<0 𝑋𝑒𝑞
𝑌𝑐 = 𝑙 < −𝜀22 > 𝑙(< −𝜎22 >< −𝜀22 >)/𝑋𝑒𝑞
𝑌𝑐 
Zt, σ3≥0 𝑋𝑒𝑞
𝑍𝑡 = 𝑙√< 𝜀33 >2+ 𝜀23
2 + 𝜀31
2  𝑙(< 𝜎33 >< 𝜀33 > +𝜎23𝜀23 + 𝜎13𝜀13)/𝑋𝑒𝑞
𝑍𝑡 
Zc, σ3<0  𝑋𝑒𝑞
𝑍𝑐 = 𝑙 < −𝜀33 > 𝑙(< −𝜎33 >< −𝜀33 >)/𝑋𝑒𝑞
𝑍𝑐 
<x> = (x+|x|)/2 
Therefore, the damage evolution equation is associated with the characteristic element 
length, local strain and fracture energy of the braided-composite constituents. The 
damaged stiffness matrix 𝑪(𝑫)  can be expressed in a matrix form by using the 
components of undamaged stiffness matrix and the principal values of the damage tensor 
𝐷𝐼  according to the Murakami-Ohno damage model [20]. It can be presented more 
explicitly as follows: 
 𝐶(𝐷) =
[
 
 
 
 
 
 
𝑏𝐿
2𝐶11 𝑏𝐿𝑏𝑇𝐶12 𝑏𝐿𝑏𝑍𝐶13
𝑏𝑇
2𝐶22 𝑏𝑇𝑏𝑍𝐶23
𝑏𝑍
2𝐶33
0            0            0
0            0            0
0            0            0
𝑠𝑦𝑚 𝑏𝐿𝑇𝐶44  0   0
𝑏𝑇𝑍𝐶55   0
𝑏𝑍𝐿𝐶66]
 
 
 
 
 
 
, (5.13) 
where 𝑏𝐿 = 1 − 𝐷𝐿, 𝑏𝑇 = 1 − 𝐷𝑇, 𝑏𝑍 = 1 − 𝐷𝑍, 
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𝑏𝐿𝑇 = (
2(1−𝐷𝐿)(1−𝐷𝑇)
2−𝐷𝐿−𝐷𝑇
)2, 𝑏𝑇𝑍 = (
2(1−𝐷𝑇)(1−𝐷𝑍)
2−𝐷𝑇−𝐷𝑍
)2, 𝑏𝑍𝐿 = (
2(1−𝐷𝑍)(1−𝐷𝐿)
2−𝐷𝑍−𝐷𝐿
)2. 
𝐶𝑖𝑗  ( 𝑖, 𝑗 = 1,2,3 ) is the component of the undamaged stiffness matrix, 𝐷𝐿 =
max(𝑑𝐿𝑡, 𝑑𝐿𝑐), 𝐷𝑇 = max(𝑑𝑇𝑡, 𝑑𝑇𝑐), 𝐷𝑍 = max(𝑑𝑍𝑡, 𝑑𝑍𝑐). 
 
5.3.2 Interface and Delamination 
 
Delamination between layers in the composite was simulated with the interface cohesive-
zone model, defined by a traction-separation constitutive law. This law describes an 
initial linear-elastic stage until a damage-initiation condition is satisfied, followed by a 
linear softening phase simulating progressive de-cohesion of the interface with increasing 
damage. According to the law, the area under the traction-displacement curve represents 
fracture toughness (the critical energy release rate) for a specific fracture mode [11]. 
Complete fracture of the interface is assumed to occur when the cohesive traction 
vanishes at the end of the degradation phase. The evolution of damage in simulations was 
monitored by a damage indicator, ranging from 0 for the undamaged interface to the 
value of 1 implying complete de-cohesion of the interface. The crack was initiated when 
a stress-based quadratic interaction criterion was satisfied: 
 (
𝑡𝑛
𝑁
)2 + (
𝑡𝑠
𝑆
)2 + (
𝑡𝑡
𝑆
)2 = 1, (5.14) 
where 𝑡𝑛 , 𝑡𝑠 , 𝑡𝑡  represent the interface stresses and 𝑁 , 𝑆, 𝑇  are the interface strengths 
under mode I (opening), mode II (shear) and mode III (tearing), respectively. The values 
of 𝑁  and 𝑆  were selected in a preliminary calibration phase based on comparison of 
experimental data and results of simulations of the interfacial study [10, 21]. 
 
Damage evolution was defined based on fracture energy, and a linear softening behaviour 
was utilised. The dependency of fracture energy on mixed fracture modes was expressed 
by the widely used Benzeggagh-Kenane formulation [22]:  
 𝐺𝐶 = 𝐺𝑛
𝐶 + (𝐺𝑠
𝐶 − 𝐺𝑛
𝐶) {
𝐺𝑠
𝐶+𝐺𝑡
𝐶
𝐺𝑛
𝐶+𝐺𝑠
𝐶+𝐺𝑡
𝐶}
𝜂
, (5.14) 
where 𝐺𝑛 , 𝐺𝑠  and 𝐺𝑡  are the work done by tractions and their conjugate relative 
displacements corresponding to modes I, II and III, respectively. The power, 𝜂 , is a 
material parameter, selected as 1.45 for a carbon-fibre composite [23]. 
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5.3.3 Modelling of Drop-weight Test 
 
The braided composite plate was modelled as a homogeneous material in a macroscopic 
formulation. The circular pneumatic clamps used in the testing machine, shown in Figure 
5.2, were simulated as rigid bodies (R3D4) with their original geometry. The nodes at the 
model’s periphery were fixed in all directions to mimic the experimental process, where 
the composite plate was pneumatically clamped. The dimensions of the model were the 
same as of the employed experimental setup. The spike-shaped impactor was modelled as 
a rigid body with a lumped mass equal to the mass used in the experimental programme. 
A general contact algorithm was defined with appropriate contact-pair properties to 
represent the contact between the impactor and the composite-plate surface. Levels of 
initial velocity in the vertical direction are prescribed for the impactor, resulting in the 
corresponding impact energy of 3, 6 and 9 J. The material properties used in this study 
are listed in Table 5.2. 
 
Figure 5.2 FE drop-weight impact model with spike-shape impactor: from meso-scale to 
macro-scale model. 
In this study, three numerical modelling techniques were adopted. To explore the 
appropriate method to model the interface, both surface- and element-based cohesive 
zone models were applied. In the surface-based cohesive zone (SCZ) model, a cohesive 
contact algorithm was defined with traction-separation behaviour. In the element-based 
cohesive zone (ECZ) model, cohesive elements (COH3D8) with thickness of 0.01 mm 
were inserted between two plies of the composite. These cohesive-zone elements shared 
the nodes of the adjacent composite layers. In SCZ and ECZ models, continuum shell 
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elements (SC8R) were used to model the composite plies so that only plane-stress 
components were considered in damage mechanics (𝛼 = 0, in Eq. 1-10). Hashin’s 2D 
failure criteria are available as an in-built option in ABAQUS/Explicit. To consider out-
of-plane stress components, 3D stress elements (C3D8R) were incorporated in the 
composite layers instead of shell elements in the ECZ model. This model is henceforth 
referred to as ECZ3D model. Here, the impact-induced damage was modelled by 
implementing a user-defined 3D damage model (𝛼 = 1, in Eqs. 1-10) in a VUMAT 
subroutine of ABAQUS/Explicit. Figure 5.3 provides schematics for these three 
approaches. The interface properties of the cohesive zone model are listed in Table 5.2. 
 
Figure 5.3 Three modelling strategies: (a) Surface-based Cohesive Zone (SCZ) with shell 
elements; (b) Element-based Cohesive Zone (ECZ) with shell elements; (c) ECZ with 3D stress 
elements (ECZ3D). 
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Table 5.2 Material properties used in FE model. 
Layer 
properties  
𝐸11=36.37 GPa; 𝐸22=7.4 GPa, 𝐸33=7.07 GPa; 𝜈12=1.19; 
𝜈13=0.026; 𝜈23=0.29; 𝐺12=16.31 GPa; 𝐺13=2.72 GPa; 
𝐺23=2.31 GPa; 
(A-42/L20) 
𝑋𝑡 =591.57 MPa; 𝑋𝑐 =400 MPa; 𝑌𝑡 =200 MPa; 𝑌𝑐 =275 
MPa; 𝑍𝑡=190 MPa, 𝑍𝑐=270 MPa; 
 
𝐺𝑓𝑡=81.5 kJ/m
2; 𝐺𝑓𝑐=100 kJ/m
2; 𝐺𝑚𝑡=33 kJ/m
2; 𝐺𝑚𝑐=33 
kJ/m2; 
Layer interface 
properties [23, 
24] 
𝑘𝑁=289 GPa/mm; 𝑘𝑆=𝑘𝑇=200 GPa/mm 
𝑁=58.3 MPa; 𝑆 = 𝑇 =62.3 MPa; 
𝐺𝐼𝑐=350 J/m
2; 𝐺𝐼𝐼𝑐=𝐺𝐼𝐼𝐼𝑐=1000 J/m
2 
 
5.4 Results and Discussion 
 
5.4.1 Global Impact Response of Braided Composites 
 
FE predictions and experimental results were compared in terms of global response and 
delamination damage due to impact. The global responses of the composite were mainly 
characterised with regard to the maximum impact force, maximum strain energy and total 
energy absorption. 
 
The impact force diagrams of braided composite under impact loading are shown in 
Figure 5.4. Experimental and simulation results are compared for three impact energy 
levels. The time to the peak force became smaller with an increase in the impact energy 
(Figure 5.4). At energy levels of 3 J and 6 J, the calculated impact-force curves have a 
reasonably smooth response with an increase of the overall peak-load value. Oscillations 
on the curves suggest the possibility of progressive failures in the material caused by a 
decrease in structural stiffness. At an impact energy of 9 J, the contact force decreased 
abruptly from ~3.5 kN to ~2.5 kN (at time of ~4 ms), as shown in Figure 5.4(c). The 
sudden drop of the impact force is attributed to the occurrence of the fibre damage in 
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yarns. At this impact-energy level, the peak load was similar to that at impact energy of 6 
J. Here, the internal delamination critically degraded the bending stiffness of the plate, 
which, in turn, reduced the contact force [10]. In the numerical models based on shell 
elements (SCZ and ECZ), the impact force took a longer time to degrade to zero in the 
rebound phase when compared to experiments. The load deviation during the unloading 
phase is probably due to an underestimation of the impact-induced damage [10]. 
However, the ECZ3D model provided clearly improved predictions. The first drop in the 
impact force, 𝐹𝑑, was captured in the ECZ3D model, which was due to a large growth of 
delamination in the structure. Overall, the trend of FE results agrees well with the 
experimental data with the peak loads being predicted accurately.  
 
Figure 5.4 Load-time response of braided composite plate under variable impact energies: (a) 
3J; (b) 6J; (c) 9J. 
Energy-absorption behaviour of the braided composite at different impact energies are 
shown in Figure 5.5. The maximum energy level is the strain energy that equals the initial 
kinetic energy of the impactor. The strain energy was partly converted back to kinetic 
energy due to rebound of the impactor. The rest energy was progressively dissipated by 
the composite plate. The final constant energy values shown in the graphs are equal to the 
absorbed energy. The FE simulation results captured the total strain energy reasonably 
well; however, some variations observed were in the predicted final absorbed energy 
after impact. According to Figure 5.5, the responses obtained with the SCZ and ECZ 
models were nearly the same; both being smaller than experimental observations. 
Therefore, the FE models with shell elements underestimated the energy-dissipation 
capacity of the composite probably because of their inability to account for the through-
thickness damage. It was noted that the absorbed energy predicted with the ECZ3D 
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model was close to the experimental observations at all the investigated impact-energy 
levels.  
 
Figure 5.5 Energy-time response of braided composite plate under variable impact energies: 
(a) 3J; (b) 6J; (c) 9J. 
The fraction of energy absorbed during the impact process is shown in Figure 5.6. The 
energy-absorption capacity is related to the extent of internal damage and energy 
dissipation by each damage mode. When the impact energy increased, BVID became 
severe in the specimen. The fraction of the final absorbed energy, therefore, increased 
from 50% at impact energy of 3 J to 77.8% at 9 J. The error between the predicted 
absorbed energy and its experimental value was within 15% when the 3D FE model was 
used. The energy dissipation is attributed to BVID inside the composite for the impact 
energy below 6 J. At impact energy of 9 J, plastic deformation is expected to occur in the 
composite (which should account for a small fraction of energy spent). Due to the 
difficulty in obtaining accurate values for fracture energy of each damage mode and the 
assumptions used in the simulations, the final absorbed energy obtained with FE 
simulations was lower than that in the experiments. 
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Figure 5.6 Fraction of energy absorbed during impact obtained by numerical and 
experimental approaches. 
5.4.2 Prediction of Delamination Area  
 
Delamination is a typical damage mode in layered composite materials. The predicted 
delamination area at the interface of braided composite is shown in Figure 5.7. 
Additionally, delamination can be observed clearly in Micro-CT scan images at the cross-
section plane and denoted as a darker zone in Figure 5.7 (translucency was applied to 
plies in order to visualize all the damaged interfaces). It is obvious that the damage 
contours are mainly along the longitudinal direction. This is consistent with the 
experimental observations that matrix cracks initiated around the impact area and 
propagated along the braiding angle of yarns in the longitudinal direction. The area of 
delamination increased with the impact energy. According to Figure 5.7, although the 
dumbbell shape of the delamination area was captured with the FE simulations, the 
delamination area was underestimated when the SCZ model was applied. However, in the 
ECZ and ECZ3D models, the predicted delamination areas agreed well with the images 
acquired from CT-scan. The damage contours were symmetrical, with an unseparated 
area in the middle, which was the contact region between the impactor and the specimen.  
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Figure 5.7 Interface delamination of braided composite plate modelled with surface-based 
and element-based cohesive models together with Micro-CT scans for various impact energies. 
Quantitative comparisons between numerical and experimental results are presented in 
Figure 5.8, where delamination areas, measured based on image analysis, are plotted as a 
function of impact energy. This comparison indicates that ECZ3D model can predict the 
delamination area most accurately. On the other hand, with the SCZ model, obviously 
smaller delamination areas were predicted because of two possible reasons. First, surface-
based cohesive interactions have limitations if the cohesive connection is subjected to 
relative in-plane sliding (shear Mode II or III) [26]. Such interface failure mode is 
common for low-velocity impacts, in which interface failure mainly results from 
bending-induced shears stresses around the impact area and friction after debonding [5, 
23]. Hou et al. [2] also suggested that for delamination constrained by compressive 
through-thickness stress, a smaller damage was predicted. Second, in the element-based 
approach, the failed elements were removed from the model. On the contrary, surface-
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based cohesive interactions may re-bond when contact is established even after interface 
debonding, thus reducing a visually observed delamination area [25, 26].  
 
Figure 5.8 Evolution of delamination in braided composite plate with impact energy. 
Based on the results above, both the surface- and element-based cohesive zone models 
can be applied at interfaces between composite layers. The global responses, including 
load and energy histories, were effectively obtained from these two approaches. The use 
of the SCZ model is often preferred due to its simplicity and lower computational cost. 
The ECZ model was able to deliver more information with regard to the geometry and 
the evolution of interface damage with time. The ECZ3D model incorporating a VUMAT 
subroutine provided more precise results in terms of delamination areas and energy-
dissipation capacity, though with a higher computational cost.  
 
5.4.3 Damage Mechanisms of Braided Composites under Low-velocity Impact  
 
The obtained morphology of damage in the braided composite after the impact is 
presented in Figure 5.9. At the impact energy of 3 J, no obvious damage can be seen 
since all the energy dissipation was due to BVID. However, from Figure 5.9(b), micro-
cracks parallel to fibre filaments and fibre breakage were observed in yarns. When the 
impact energy increases to 9 J, macro cracks could be found on the surface of the 
composite plate, indicating inter-yarn debonding and matrix failure. Therefore, besides 
delamination, cracks in matrix and fibre breakage were important damage modes 
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absorbing impact energy. Matrix damage may be predicted with the ECZ3D model 
thanks to different failure modes defined in the Hashin’s 3D damage criteria. Contours of 
the tensile failure (𝑑𝑚𝑡) inside the matrix from both sides of the composite plate are 
shown in Figures 5.9 (d) and (e) at the end of the damage propagation period. The matrix 
cracks were created by flexural in-plane stresses so that the matrix tensile failure was the 
most critical mode for impact damage. Since the spike-shape impactor was used, the 
damage contour was different from those studies with a hemispheric impactor [12]. There 
was a flexural zone with a width of the impactor’s diameter, with matrix tensile damage 
occurring mainly along the edge of this zone. Furthermore, the bottom layers of the 
specimen were subjected to major traction strains resulting from deflection with regard to 
the impact, leading to matrix cracks in the matrix-rich area [13, 25]. 
 
Figure 5.9 Micro CT-scan surface morphology of composite after impact with energy of (a) 3 
J, (b) 6 J and (c) 9 J. Numerically predicted matrix-damage contours in composite plate after 9 J 
impact: (d) front view; (e) back view. 
Moreover, permanent deformation after impact was captured with the 3D FE model. 
Figure 5.10 shows examples of the cross-section views of the plate after the impact with 
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energy of 9 J. The variables plotted correspond to the residual displacement (from Micro-
CT image), von-Mises stress and transverse damage variable (from the ECZ3D model). 
As shown in Figure 5.10, the centre of the mentioned flexural zone has a residual 
displacement of 0.383 mm after the 9 J impact. The von-Mises stress distribution shows 
stress concentration around the delamination region. Matrix failure in the thickness 
direction was also predicted by ECZ3D model.  
 
Figure 5.10 Cross-section view of braided composite plate with impact energy of 9 J: (a) 
micro-CT scan morphology of permanent deformation; (b) residual displacement contours; (c) 
Mises stress distribution; (d) matrix failure in thickness direction predicted by ECZ3D model. 
Based on the experimental and numerical studies, mechanisms of cracks initiation and 
propagation inside the braided composite were investigated. Micro-CT images in Figure 
5.11 indicate that at the initial stage of impact, the impact load caused matrix cracking 
and then delamination. In the braided composite, there were some relative matrix-rich 
zones because of the pattern of interlacing yarns. When the composite plate bends, micro-
voids are easily created in such zones before the onset of cracks. With the impact energy 
increasing, the laminate bending caused differences in shear stresses between the adjacent 
layers. These shear stresses caused propagation of delamination along the yarn surface 
[27, 28]; Figure 5.11(b) shows that inter-yarn cracks were formed after the increase in 
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delamination. It is noted that the inter-yarn cracks could be blocked by the interlacing of 
yarns, contributing to maintenance of the structure integrity of the braided composite. 
Yarn-debonding was another mechanism of energy absorption, besides delamination and 
matrix damage. Under higher impact energy, normal stress through the thickness 
direction resulted in server matrix damage concentrated in the area directly under the 
impactor’s edges. Moreover, when inter-yarn cracks grew to the front surface, macro 
cracks were observed on the composite specimen (Figure 5.9 (c)). Figure 5.11(d) is a 
schematic of potential propagation paths of delamination and inter-yarn cracks. In 
summary, the braiding structure of yarns not only increases the impact resistance of 
composites, but also improves energy absorption by inducing inter-yarn cracks during 
impact. 
 
Figure 5.11 Delamination and cracks in Miro-CT scan images: cross-section of braided 
composite plate after impact with (a) 3 J, (b) 6 J and (c) 9 J; (d) an illustration of cracks propagate. 
Admittedly, though cohesive-zone elements are especially suitable for modelling cracks 
propagating along well-defined fracture surfaces, their use may still be limited for 
simulation of inter-yarn matrix cracking in cases where the site of crack initiation and 
growth is not known in advance. To develop a better model, a potential solution is to 
incorporate meso-scale representative unit cells directly into the composite’s component 
structures which would likely result in extremely high computation times. 
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5.5 Summary 
 
The response of the braided composite to low-velocity impacts was investigated both 
experimentally and with FE simulations; impact energy levels ranged from 3 J to 9 J. The 
present work offers reasonable modelling capabilities for low-velocity impacts. The 
simulated results were verified by the original experimental data. The obtained results 
show that both surface- and element-based cohesive zone models can be applied as 
interface between composite layers. The global responses are effectively obtained 
without much difference from these two approaches. When shell elements were used as 
composite plies, the absorbed energy was underestimated. The ECZ model with 3D stress 
elements provided more precise results for the delamination areas and energy dissipation 
capacity, at a higher computational cost. The main damage mechanisms of braided 
composites under low-velocity impact were delamination, matrix failure and, uniquely 
for the braided composite, inter-yarn debonding. And high impact energy results in more 
possible damage modes inside the sample, which dissipate more impact energy. 
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Chapter 6* Study of Braided Composites under Repeated Impacts 
 
Study of Braided Composites under Repeated Impacts 
 
This chapter aims at investigating a response of a braided composite 
to repeated low-velocity impacts. Damaged specimens after drop-
weight test were characterised with Micro-CT. Meanwhile, the 
developed computational approach was implemented with a VUMAT 
subroutine in ABAQUS/Explicit to capture the main damage modes in 
braided textile composite. The numerical results were compared to 
experimental observations. Damage accumulation in braided 
composites was discussed; it was found that material responses to 
repeated impacts had two types depending on the level of normalised 
impact energy. The presented modelling capability could contribute to 
design of braided composite structures for various applications. 
 
 
 
 
 
 
 
 
 
 
*This section published substantially as reference: C. Wang, A. Roy, V. V. Silberschmidt, and Z. 
Chen. the 14th International Conference on Fracture (ICF14). 2017. 
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6.1 Introduction 
 
In real life, structural materials are subjected to repeated impacts more often than single 
impact, during manufacturing, routine maintenance and daily service activities [1]. 
Although single impact generates only minor damage, these flaws can easily accumulate 
because of repeated impacts [2-4]. Thus, it is important to study such accumulating 
effects of repeated impacts on composite structures [5]. Comparing with many studies of 
the single-impact response, there are a few works concerning repeated impacts and 
damage accumulation [1, 5-7]. Additionally, there is a strong need to develop a FE 
approach capable of predicting dynamic behaviour of braided composites, considering 
different damage mechanisms. Although a few analytical models were developed 
employing numerical methods for glass/epoxy composite and fibre-metal laminates 
(FML), the effect of shear stress on the interface delamination was not considered [6-10]. 
To the authors’ knowledge, there is no FE model for braided composites to study their 
responses to repeated impact so far.  
 
This chapter aims at investigating a response of a braided composite to repeated low-
velocity impacts. Damaged specimens after drop-weight test were characterised with 
Micro-CT. Meanwhile, the developed computational approach was implemented with a 
VUMAT subroutine in ABAQUS/Explicit to capture the main damage modes in braided 
textile composite. The numerical results were compared to original experimental data for 
drop-weight tests. Damage accumulation in braided composites was discussed. The 
presented modelling capability could contribute to design of braided composite structures 
for various applications. 
 
6.2 Experimental 
 
The materials and the drop-weight tests discussed in this chapter were mentioned in detail 
in Chapter 5. Before testing with repeated impacts, the perforation threshold of the 
braided composite plates (𝐸𝑝) was evaluated, which was around 12 J in average. Then, 
repeated low-velocity impact tests were carried out with different impact energies (2 J, 3 
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J, 4 J and 6 J); this was achieved by varying the initial height of the impactor with a 
constant mass. For each specimen, the impacts were repeated at least 20 times and 
stopped if perforation occurred. For each impact energy level, five specimens were tested 
for accuracy. All the specimens were inspected post-test with X-ray Micro-CT 
measurements using a Metris 160 H-XT Micro-CT system to investigate the extent of the 
internal damage and delamination. Scan conditions were set the same as described in 
Chapter 5. 
 
6.3 Experimental Results and Discussion 
 
6.3.1 Behaviour of Braided Composites under Repeated Impacts 
 
The experimentally obtained load and internal energy responses of a braided specimen to 
21 repeated impacts with the impact energy of 2 J are shown in Figure 6.1. For each 
impact, a roughly similar response was observed, and the impact duration time was 
identical. Under the first impact, oscillations of the load-time curve suggest the initiation 
of progressive failures in the material. After that, impact force has a relatively smooth 
curve with an increasing peak-load value. The energy-dissipation processes were also 
stable as shown in Figure 6.1(b). The absorbed energies vary in a narrow range, 
indicating a slow damage-accumulation rate. Hence, braided composites performed 
robustly under repeated impacts with such a low impact-energy level. 
 
Figure 6.1  (a) Load-time and (b) internal energy-time responses of braided composite plate 
under repeated 2 J impacts. 
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In contrast, load- and energy-time curves of the braided composites under repeated 6 J 
impacts until final perforation exhibited another type of response: the peak load increased 
slightly after the first impact, then dropped down afterwards (Figure 6.2). The sharp 
reduction of the impact force at the third strike is because the occurrence of the fibre 
damage in yarns. The specimen dissipated more energy during successive impacts, 
leading to shrinkage of rebound energy. Once perforation occurs, there is no kinetic 
energy for rebound of the impactor. Hence, all of the impact energy is absorbed because 
of composite damage. It was also noticed that the contact time between the composite 
and the impactor, was longer with an increasing number of impacts. 
 
Figure 6.2  (a) Load-time and (b) internal energy-time responses of braided composite plate 
under repeated 6 J impacts. 
In order to further investigate the effects of impact energy on braided composites under 
repeated impacts, the peak-force evolution was studied (Figure 6.3). It can be observed 
that this peak increased during a few initial impacts as a result of a compaction process. 
The impactor contacted with a relatively softer matrix at the first few impacts and with 
the stiffer fibre-reinforced phase subsequently. The compaction process provides a stiffer 
surface with higher local fibre concentration for subsequent impacts, resulting in a higher 
peak load [11]. After the compaction, the peak force maintained a plateau for the impact 
energy of 2 and 3 J, indicating that at least 20 impacts were insufficient for fibre breakage 
and perforation. For impact energy higher than 3 J, a sharp reduction of peak force can be 
seen with an increasing number of impacts. Owing to propagation of damage and the 
stiffness loss, the maximum number of allowable impacts dropped down. 
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Figure 6.3 Function of peak force with repeated impacts with different impact energies. 
In addition, trends for impact-bending stiffness and maximum deflection during repeated 
impacts are presented in Figure 6.4. The former was defined by the slope of the 
ascending section of the load-displacement curves; it represents the stiffness of 
composites under impact-induced bending in the beginning of the impact process. The 
maximum deflection means the maximum displacement of the impactor during each 
impact, reflecting the deformation of the composite specimen in the drop-weight test. For 
the impact energies of 2 and 3 J, it is obvious (Figure 6.4) that the tested braided-
composite plates have good impact resistances without a significant loss of bending 
stiffness. The maximum defection in these cases increased slightly with a similar rate. 
However, under impacts with energy larger than 3 J, the bending stiffness decreased 
dramatically, and the maximum deflection increased as a result of the bending-stiffness 
loss. The reduction of bending stiffness is attributed to the extent of impact damage in the 
specimen, such as delamination, matrix cracking and fibre breakage [5]. The results also 
indicate that damage accumulation accelerated as the impact number increased.  
 
According to Blingardli et al. [12], the normalised impact energy can be defined as the 
ratio of impact energy and perforation threshold (𝐸𝑖/𝐸𝑝) for a given material. Depending 
on the normalised impact energy, responses of the braided composite to repeated impacts 
can be classified in to two groups based on the obtained results. In the first group, a low 
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damage accumulation rate was observed when 𝐸𝑖/𝐸𝑝 ≤ 0.25 (cases with impact energies 
of 2 J (𝐸𝑖/𝐸𝑝 = 0.17) and 3 J (𝐸𝑖/𝐸𝑝 = 0.25)). For another group, damage grew rapidly 
if 𝐸𝑖/𝐸𝑝 > 0.3 in this study (4 J (𝐸𝑖/𝐸𝑝 = 0.33) and 6 J (𝐸𝑖/𝐸𝑝 = 0.5)). 
 
Figure 6.4  (a) Bending stiffness and (b) maximum deflection of braided composites under 
repeated impacts with varying impact energies. 
Differences of these two groups can also be reflected in terms of energy absorption. In a 
low-velocity impact, as discussed in Chapter 5, a part of the impact energy converts into 
the kinetic energy of the impactor’s rebound, while another part is dissipated by a 
composite specimen. The fraction of absorbed energy is illustrated in Figure 6.5. When 
𝐸𝑖/𝐸𝑝 < 0.25, the absorbed energy decreased initially, then remaining nearly constant 
[11]. At the initial few impacts, the absorbed energy fraction decreased due to the 
compaction process with the specimen becoming tougher, less energy was able to 
dissipate at the ensuing impacts [13]. After the compaction process, the absorbed energy 
kept at a constant level, meaning that approximately the identical amount of energy was 
absorbed because of material damage for each impact; the damage modes include plastic 
deformation, delamination and matrix cracking [14]. Hence, damage within the 
composites in various modes were regarded as important mechanisms to dissipate energy 
for braided composites under impact loading. According to Figure 6.5, more energy was 
absorbed after the second impact when 𝐸𝑖/𝐸𝑝 > 0.3 . This was due to catastrophic 
damages taking place after a certain number of impacts. For instance, a quick damage 
accumulation might lead the fabric yarns on the back surface to fail in tension. A high 
damage-accumulation rate also corresponds to increased duration, lower peak load, and 
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reduced stiffness. The perforation took place when the absorbed energy fraction was 
close to 1. 
 
Figure 6.5 Fraction of energy absorbed during repeated impacts with different impact 
energies. 
The term “damage accumulation” refers to evolution of damage in composites, 
specifically related to initiation, propagation or increase in density of cracks. It may also 
refer amount of energy that the system can dissipate. It is important to access the 
localization of impact-induced damage and design lay-ups and geometries of composites 
in order to optimise their structural behaviours. Two parameters were used to quantify 
damage accumulation by other authors. The one is the damage accumulation (𝐷𝐴 ) 
parameter introduced by Berlingardi [12, 15], another is the damage index (𝐷𝐼) proposed 
by Amaro [16]. 𝐷𝐴, monitoring a range of the penetration process in thick laminates, is 
also applied in case of repeated impact tests to get information on the rate of damage 
accumulation and on the onset of severe damage modes; it is defined as  
 𝐷𝐴 = 𝐴𝐸𝐹
𝛿𝑚𝑎𝑥
𝛿𝑝
, (6.1) 
where 𝛿𝑚𝑎𝑥 is the maximum deflection (as shown in Figure 6.4(b)) for each impact and 
𝛿𝑝 is the critical deflection value at perforation (obtained from experiments). 𝐴𝐸𝐹 is the 
absorbed energy fraction (as presented in Figure 6.5). 𝐷𝐼 estimates a degradation level of 
the composite laminates subjected to repeated impacts, which is proposed as  
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 𝐷𝐼 = 1 −
𝐸𝑖𝑏𝑠
∗
𝐸𝑖𝑏𝑠
. (6.2) 
In Equation 6.2, 𝐸𝑖𝑏𝑠
∗  and 𝐸𝑖𝑏𝑠 are the current and initial (for an undamaged specimen) 
impact bending stiffness. Therefore, 𝐷𝐴 and 𝐷𝐼 are both non-dimensional quantities, with 
limited values between 0 (for undamaged material) and 1 (for failed material, at 
perforation).  
 
Figure 6.6 Damage accumulation (DA) parameter and damage index (DI) of repeated impacts 
with different impact energies. 
The 𝐷𝐴 and 𝐷𝐼 values calculated for four impact energies are presented in Figure 6.6. 
Trends for both 𝐷𝐴  and  𝐷𝐼  prove that the damage accumulation has two different 
patterns for the mentioned two groups. At impact energies of 2 and 3 J, the damage of 
tested composite cumulated slowly with an identical pace. For impact energy above 3 J, 
damage inside the composites increased considerably after each impact. The initiation of 
fibre failure is reflected in Figure 6.6 through an upsurge of both 𝐷𝐴 and 𝐷𝐼 values. A 
larger impact energy resulted in the higher damage-accumulation rate.  
 
6.3.2 Damage Morphology and Delamination under Repeated Impacts 
 
Together with analysis of mechanical response of the composite to repeated impacts, it is 
also important to investigate the damage modes and their effects on damage 
accumulations. Barely visible impact damage (BVID), as a typical damage mode in 
layered composite materials, can be characterised with Micro-CT scans. Delamination 
was observed clearly in the cross-section Micro-CT images as a darker zone in Figures 
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6.7 to 6.10 (translucency was applied to plies in order to visualize all the damaged 
interfaces). In addition, surface morphology of tested specimen was also captured and 
shown in Figures 6.7 to 6.10 at the same scale as cross-section images. The centre of 
strike location is positioned at the centre of these figures. The border colour of each 
image denotes the respective section view of the specimen: green border indicates the 
plane 1-2; blue - the plane 2-3 and olive - the morphology of the surface 1-2. 
 
Figures 6.7 (a)-(c) show delamination of the specimen after repeated 2 J impacts. 
Apparently, no obvious delamination occurred after the first impact; instead, micro-
cracks were generated in the matrix-rich zones within interlaced yarns situated around the 
contact point (Figure 6.7(d)). After the second strike, a small range of delamination was 
captured (Figure 6.7(b)). Therefore, the onset of micro-cracks was the first damage mode 
under repeated impact. Due to a slow damage-accumulation process, the delamination 
was limited even after 20 impacts. Furthermore, no macroscopic cracks and fibre failure 
were observed on the surface of the tested specimen (Figure 6.7(d)). It indicates that 
BVID was the main failure mode of the braided composite at impact energy of 2 J. 
 
Figure 6.7 Micro-CT images of tested braided composite plate under repeated 2 J impacts: 
(a)-(c) interface delamination; (d) micro-cracks; (e) surface morphology.  
At impact energy of 3 J, delamination, with a symmetrical dumbbell shape, was observed 
after the first strike (Figure 6.8(a)). Figures 6.8(b) and (c) show that this delamination 
area did not grow too much during the initial four impacts. In contrast to damage caused 
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by 2 J impacts, slight yarn debonding and fibre rupture were observed at the specimen’s 
surface after the 20th impact. Figure 6.8(d) illustrates that propagation of delamination 
led to the growth of inter-yarn cracks. As a consequence, yarn debonding and 
macroscopic cracks formed on the surface. Although only BVID occurred at such a 
relative low impact energy, server damage modes can be generated due to damage 
accumulation with impacts. Mouritz et al. [17] inferred that reduction of interfacial shear 
strength after each impact led to accumulation of matrix cracking, debonding and 
delamination. 
 
Figure 6.8 Micro-CT images of tested braided composite plate under repeated 3 J impacts: 
(a)-(c) interface delamination, (d) micro-cracks; (e) surface morphology.  
After first four strikes with energy of 4 J, the cracks propagated to the surface of the 
specimen as a result of delamination and inter-yarn debonding (Figure 6.9). The shape of 
delamination was similar to that of 3 J impacts. On the surface, macro-cracks aligned 
along the longitudinal yarn direction were also visible, as a result of initial damage 
induced by bending [18]. It is noticed that fibres in the interlacing yarns broke after 13 
impacts, while the delamination and inter-yarn cracks also accumulated. When 
propagation of cracks is constrained by interlaced yarns, more energy is needed to 
activate the fibre-failure mode. Hence, the damage-accumulation rate obviously 
accelerated at this impact-energy level. It is believed that the fibre breakages and 
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additional matrix cracks resulted in the sharp reduction in stiffness and contact force, as 
observed in Figure 6.3 and Figure 6.4(a).  
 
Figure 6.9 Micro-CT images of tested braided composite plate under repeated 4 J impacts: 
(a)-(b) interface delamination, (c) matrix cracking; (d)-(e) surface morphology. 
If the impact energy is large enough, multiple impact-damage modes, including 
delamination, matrix cracking and fibre rupture, occur almost simultaneously after one 
impact. As shown in Figure 6.10(a), the delamination area clearly showed a dumbbell 
shape after a 6 J impact, propagating along the yarn directions. After a subsequent impact, 
interfacial cracks start to propagate along the transverse direction with a “W” shape 
pattern due to hindrance of the interlacing yarns. On the specimen’s surface, longitudinal 
macroscopic cracks were easily visible after the second impact, while the transverse 
cracks only occurred on the surface after 6 impacts. 
 
The experimental results revealed that both the impact energy and the number of impacts 
were the main factors influencing damage accumulation in braided composite exposed to 
repeated impacts. Depending on the normalised impact energy, material responses to 
repeated impacts had two patterns. The one is a slow damage accumulation 
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corresponding to relatively low normalised impact energies (𝐸𝑖/𝐸𝑝 < 0.25). With an 
increasing number of impacts, micro-cracks initiated within yarns first, leading to 
delamination. The damage accumulated so slow that fibre failure mode was only 
overserved at a small range after quite a few strikes. Hence, bending stiffness decreased 
at a slow rate, irrespective of impact energy. The initial increment in the peak force is 
attributed to compaction of a thin and unreinforced matrix layer on the contact surface. 
Afterwards, the peak load did not change significantly with the number of impacts. On 
the other hand, repeated impacts with a larger normalised impact energy (𝐸𝑖/𝐸𝑝 > 0.3) 
can induce severe internal damage [6]. For a rapid damage-accumulation situation, matrix 
cracking was the first damage mode to occur, immediately followed by fast delamination 
propagation. The impact bending stiffness and peak load dropped dramatically, since 
fibre ruptures reduced the stiffness of the composites. After damage accumulation, the 
macro cracks grew rapidly along the yarn direction and propagated transversely in a “W” 
pattern with severer fibre rupture.  
 
Figure 6.10 Micro-CT images of tested braided composite plate under repeated 6 J impacts: 
(a)-(c) interface delamination; (d)-(e) surface morphology. 
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6.4 Repeated Drop-weight Impact Model 
 
The FE models for repeated impacts were modified based on the ECZ3D model 
described in Chapter 5. Employing a multi-scale approach, the braided composite plate 
was modelled as a homogeneous material in a macroscopic sense, as shown in Figure 
6.11. The spike-shaped impactors were regarded as rigid bodies independently. Initial 
velocity for impactors are prescribed in the vertical direction, corresponding to impact 
energy of 2, 3, 4 and 6 J. The impactors impacted and rebounded successively, with the 
same initial velocity. For each impact energy level, the drop-weight impact was repeated 
for six times. 
 
Figure 6.11 Drop-weight impact FE model with spike-shape impactor: from meso-scale to 
macro-scale model. 
In the ECZ3D model, cohesive elements (COH3D8) were inserted between two plies of 
the composite. 3D stress elements (C3D8R) were incorporated in composite layers in the 
ECZ model. The impact-induced damage was modelled by implementing in a VUMAT 
subroutine of ABAQUS/Explicit. The 3D Hashin damage criteria are used to model the 
damage appeared within composites. After damage initiation, the response of the material 
was computed according to damage evolution law based on stress-displacement 
behaviours in six failure modes. Delamination between composite layers was simulated 
with the interface cohesive-zone model, defined by a traction-separation constitutive law.  
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6.5 Numerical Results and Discussion 
 
FE predictions and experimental results were compared in terms of the global response 
and delamination damage for four impact energy levels. The global responses of the 
composite were mainly characterised with regard to the peak impact force, absorbed 
energy and damage accumulation. 
 
Computational results for six times impacts at impact energy of 2 J are presented in 
Figure 6.12. The trends of global responses are well captured reasonably by the 
simulations. The peak load and absorbed energy keep their stable levels after repeated 
impacts. The predicted absorbed energy is slightly lower than that from experimental 
observations, indicating that the internal damage of the composites (i.e. matrix cracking 
failure) was underestimated at impact energy of 2 J. At this impact energy level, nearly 
constant damage-accumulation parameters were obtained both experimentally and 
numerically, which is consistent with the fact that no significant accumulation of damage 
occurred except for initial specimen indentation. Meanwhile, a symmetrical dumbbell-
shape delamination area was captured with the developed FE method. It is obvious that 
the damage contours are mainly along the longitudinal direction. This also agreed well 
with the experiments where matrix cracks initiated around the impact area and 
propagated along the yarns direction. According to Figure 6.12(d), the delamination area 
increased slightly after repeated impact with stable shapes.  
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Figure 6.12 Simulation results corresponding to repeated impacts at impact energy of 2 J: (a) 
peak force; (b) absorbed energy; (c) damage accumulation; (d) evolution of delamination in 
braided composite plate. 
The results predicted for impact energy of 3 J are shown in Figure 6.13. Overall, the 
trends of FE results are reasonable, compared with the experimentally obtained peak 
loads and absorbed energy. Damage accumulation from the FE simulation was higher 
because, in the repeated impacts, failure elements have lower stiffness to bear impact 
loading. Since the impactor was in contact with the relatively soft material, the extent of 
deformation was more obvious in simulations. The delamination area increased 
significantly after two strikes, and then grew slightly for the subsequent impacts. This 
phenomenon was confirmed by micro-CT scans as well. Wyrick et al. [19] also reported 
that the main damage in carbon/epoxy composites occurred during the few initial impacts, 
and subsequent impacts led to smaller damage increments. Both compression closure and 
highly localized damage resulted in a saturation of delamination area. In addition, this 
indicates that the energy absorbed in delamination was less significant after a certain 
number of strikes. Instead, other types of damage, including matrix cracking, fibre 
fracture and even perforation, were generated [20]. Specifically for textile composites, 
the growth of delamination area was also restricted by their high structural integrity [2, 
21]. 
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Figure 6.13 Simulation results corresponding to repeated impacts at impact energy of 3 J: (a) 
peak force; (b) absorbed energy; (c) damage accumulation; (d) evolution of delamination in 
braided composite plate. 
For the impact energy of 4 J, the FE model demonstrated its capability to capture a 
response of the braided composite to repeated impacts, with a good correlation with the 
experimental observations. In Figure 6.14, both increasing trends for the peak force and 
damage accumulation are captured by the developed numerical method. For six impacts, 
the absorbed energies still keep its flat trend, indicating that there is no fibre failure mode 
induced in the composite, and damage accumulation is slow. Delamination is still the 
most important damage mode in the composite material to dissipate energy at this 
impact-energy level. The predicted delamination shape agreed well with the images 
acquired with CT-scans, as shown in Figure 6.14(d). The area of delamination increased 
with the impact energy, and was close to a saturation value after three strikes. Azouaoui 
et al. [22] suggested that delamination saturation appeared when there was no new 
damage developed so that the propagation of delamination stopped after a certain number 
of impacts. 
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Figure 6.14 Simulation results corresponding to repeated impacts at impact energy of 4 J: (a) 
peak force; (b) absorbed energy; (c) damage accumulation; (d) evolution of delamination in 
braided composite plate. 
The numerical model aborted due to perforation occurring in the fourth impact at impact 
energy of 6 J. Figure 6.15 shows numerical results with regard to the completed three 
impacts. It can be seen that predicted peak load reduced and damage accumulation 
increased significantly because of stiffness degradation related to fibre failure mode. A 
large delamination area was captured which was similar to the experimental observation. 
Because of large deflection, elements contacted with impactor’s edge deformed 
extensively, resulting to stress concentration. An increasing computational time was 
required to control these elements which were easy to fail. 
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Figure 6.15 Simulation results corresponding to repeated impacts at impact energy of 6 J: (a) 
peak force; (b) absorbed energy; (c) damage accumulation; (d) evolution of delamination in 
braided composite plate. 
The predicted areas of delamination were quantified and plotted as a function of impact 
energy (Figure 6.16); apparently, higher impact energy leads to a larger delamination area. 
Generally, the interface damage propagated rapidly in the second impact, and continued 
to increase in smaller increments under subsequent impacts. Therefore, the trend for the 
delamination area can be fitted as an exponential curve, as presented in Figure 6.16. This 
trend agreed well with other experimental works [2, 21-24], stating that delamination area 
does not change remarkably after a certain number of impacts. 
 
Figure 6.16 Predicted delamination area as a function of impact number. 
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6.6 Summary 
 
The responses of the braided composite to repeated low-velocity impacts were 
investigated both experimentally and with FE simulations; the impact-energy level 
ranged from 2 J to 6 J. The experimental results show that material responses to repeated 
impacts have two types depending on the normalised impact energy. Referring to 
relatively low normalised impact energies (𝐸𝑖/𝐸𝑝 < 0.25), bending stiffness decreased 
with a slow rate with subsequent impacts. The peak load did not change significantly 
after a slight increment at the initial few impacts, which was the result of the compaction 
of the unreinforced matrix layer. Almost the same amount of energy was dissipated for 
each impact. On the other hand, a larger normalised impact energy (𝐸𝑖/𝐸𝑝 > 0.3) can 
induce server internal damage, with more energy absorbed. The impact bending stiffness 
and the peak load diminished dramatically in this case, since the fibre breakage decreased 
the local rigidity at the impact point.  
 
In addition, damage accumulation of braided composites associated with different failure 
modes was also evaluated. These mechanisms are micro-cracks, delamination, matrix 
failure, fibre breakage and, uniquely for the braided composite, inter-yarn debonding. 
When impact energy was low, micro-cracks were initiated within yarns first, leading to 
delamination. The damage accumulated so slow that the fibre-failure mode could be only 
observed at a small range after quite a few strikes. In contrast, under impacts with a 
higher energy, matrix cracking was the first damage mode, immediately followed by fast 
delamination propagation. After swift damage accumulation, the macro cracks grew 
rapidly along the yarn direction and propagated transversely in a “W” pattern with 
severer fibre ruptures. 
 
Furthermore, finite-element modelling capability for analysis of repeated impacts was 
presented. The computed results show reasonable agreements with the original 
experimental data in terms of peak load, absorbed energy and maximum deflection of 
each impact. The damage-accumulation factors with increasing trends were also 
predicted by the FE method. Applying element-based cohesive-zone models, 
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delamination areas can be predicted; the numerical results showed that delamination 
propagated rapidly after the first impact. In successive impacts, the delamination area 
increased at a lower rate, finally moving to a saturate value. 
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Chapter 7 Case Studies of Braided Composites for Sports Protection 
 
Case Studies of Braided Composites for Sports Protection 
 
In order to meet requirements of product design for sports protection, 
the multi-scale modelling approach is developed with capability to 
correlate features of constituents with global responses of braided 
composites. In this chapter, the practicality of the model was 
demonstrated by two case studies. These studies will provide further 
understanding and provide guidelines for design of sports-protective 
equipment made of braided composites. 
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7.1 Introduction 
 
In a real sports-protective gear, composites are usually used as a hard outer shell with 
good impact resistance and structural integrity [1, 2]. Meanwhile, a good energy-
absorption or shock absorption is also pursued in product design. It is believed that 
fibre/epoxy interface properties dominate dynamic response of composites. Hence, 
numerical modelling approach should be helpful to optimise interface properties, which 
are difficult to evaluate with experiments, for a better performance of sports product. 
Therefore, Case Study I focuses on inter-laminar interface. The effects of interfacial 
strength and fracture toughness on energy absorption of braided composites are 
investigated. 
 
Moreover, to evaluate the performance of protective equipment, a realistic structure with 
particular shape should be considered. A real shin-guard structure, including composite 
shell and liner foam [2-3], was studied in Case Study II. With the developed multi-scale 
modelling approach, the effect of fabric architecture on shock-absorption performance of 
shin-guards is discussed. In this work, the test shin guard was fabricated with textile 
composites.  
 
7.2 Methodology 
 
7.2.1 Case Study I: Effect of Interface Parameters on Energy Absorption 
 
In this case, the low-velocity impact model was applied to study the effect of interface 
parameters on energy absorption of braided composites. The details of the FE model were 
described in Chapter 5. The 3D Hashin damage criteria and CDM-based damage-
evolution law were used to model the damage appeared within composites. Inter-laminar 
damage was simulated with the interface cohesive-zone elements. Damage evolution was 
defined by a traction-separation constitutive law with a Benzeggagh-Kenane softening 
behaviour. Hence, a parameter study can be carried out with a single variable by 
changing interface strength threshold and fracture energy values used in traction-
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separation criterion, respectively. Impact energy of 3 J was adopted for such a case study. 
Assuming normal fracture energy was 250 J/m2, interfacial strength thresholds of base 
value (53.8 MPa), 80% and 120% of the base value were applied with FE model, 
respectively. The energy absorption capacity was evaluated for each numerical case. 
Similarly, when interface strength was set as 53.8 MPa, fracture energy levels were set as 
220, 250, 350 and 450 J/m2, respectively. Finally, an exhaust algorithm was adopted to 
obtain a full map of absorbed energy with regard to varying interfacial parameters. 
 
7.2.2 Case Study II: Impact Attenuation of Shin-guard Structure 
 
A shin guard structure consists of composite shell and elastic foam. In this study, two 
types of specimen, flat- and curve-shaped, were prepared, as illustrated in Figure 7.1. For 
a flat specimen, the shell was made of ±25° bi-axial braided composite (referred to ‘F-
25’), which was described in Chapter 5, fabricated with A-42 carbon fibre tow and EPR-
L20 epoxy. The backing layer (PORON® XRD™ Extreme Impact Protection) was a type 
of commercial foam with the thickness of 2 mm. The curved specimens were cut from C6 
Agility® shin guard (referred to ‘C-45’). The shin guard was made of ±45° bi-axial 
braided carbon-fibre-reinforced-polymer and the same type of XRD™ foam. The 
curvature of the shin-guard specimen was measure as 20.41 m-1. As shown in Figure 7.1, 
the supporting material was made of silicone rubber with the hardness of 60 durometer 
(Shore A) to imitate human body. 
 
Figure 7.1 Flat- (left) and curve-shaped (right) specimens and supporting material for impact 
attenuation test. 
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Impact attenuation test was carried out using a twin-wire guided vertical impactor (Cadex 
Inc., Quebec, Canada), as shown in Figure 7.2. The impactor setup consists of the 
supporting anvil, flying arm and the measurement system. An electric operated drop 
carriage (twin wire) is hooked to the impactor setup. The drop carriage is raised 
automatically to a given height and released on the control of a switch. Once the hook is 
released, the impactor drops on the anvil. The measurement system includes a tri-axial 
accelerometers and a load cell unit assembled at the bottom of the anvil to measure 
acceleration and impact force, respectively. In addition, the velocimetre (time gate) is a 
very precise electronic device that calculates the time it takes for an object to pass in front 
of an infrared beam a few millimetres before impact to determine the velocity.  
 
Figure 7.2 Set-up of impact attenuation test. 
The impact attenuation test was designed according to ASTM F355-16 and F1631-95 
standard. A hemispheric impactor with the diameter of 15 mm was used. The total mass 
of the moving assembly (flying arm and impactor) was 5.468 kg. The test system was 
calibrated with a 12.7 mm thick hard rubber Modular Elastomer Pad (MEP). Then, MEP 
was replaced by the as mentioned silicone rubber, which has the same hardness, as 
supporting material on a steel anvil, as shown in Figure 7.2. Upon impact, the 
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instantaneous acceleration was recorded and impact velocity was measured. Two impact 
energy levels (4 J and 6 J) were tested. Each experiment was repeated three times. The 
acceleration and load cell data were recorded every 20 ms. FUJI pressure measurement 
films (Fujifilm Corp. Japan) were used to measure the pressure distribution during impact. 
The FUJI films were put on the surface of outer shell and inserted between the shin-guard 
structure and supporting material, respectively. 
 
In the test, normalised acceleration (deceleration) 𝐺 was defined as ratio of the magnitude 
of missile deceleration during the impact 𝑎 to the acceleration of gravity 𝑔 [4, 5]. Hence, 
𝐺  values are dimensionless. 𝐺𝑚𝑎𝑥  is the maximum value of 𝐺  and impact attenuation 
factor 𝜂 was calculated by the following equations: 
 𝜂 =
𝐺𝑚𝑎𝑥
𝑠𝑎𝑚𝑝𝑙𝑒
𝐺𝑚𝑎𝑥
𝑀𝐸𝑃 , (7.1) 
where 𝐺𝑚𝑎𝑥
𝑠𝑎𝑚𝑝𝑙𝑒
is 𝐺𝑚𝑎𝑥  value of the specimen and 𝐺𝑚𝑎𝑥
𝑀𝐸𝑃 is 𝐺𝑚𝑎𝑥  value of MEP or 
equivalent silicone material [4, 5]. Impact attenuation is the reduction of shock (load) in 
the course of an impact by means of a protective material, relative to a shock (load) 
produced by a reference system. Therefore, a lower impact attenuation factor indicates 
more energy is absorbed by protective material and thus a better shock attenuation 
performance of the specimen. 
 
Finite-element models of impact attenuation test were developed with the same 
dimensions as experimental setup. Figure 7.3 shows the multi-scale models of shin-guard 
structure made of braided composites. The braided composite plate was firstly modelled 
and analysed in meso-scale, following the way discussed in Chapter 4. Knowing 
mechanical behaviours of ±25° and ±45° braided unit cells, the composite shell could be 
modelled homogeneously with a bonded foam layer. Therefore, in total 4 types of shin-
guard structures and two impact energy levels (F-25-4J, F-25-6J, F-45-4J, F-45-6J, C-25-
4J C-25-6J, C-45-4J and C-45-6J, respectively) were modelled, where F for flat, C for 
curved, 25/45 for braiding angle and 4J/6J for impact energy. The material properties of 
±45° braided unit cells used in this study are listed in Table 7.1. 
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Figure 7.3 The multi-scale approach for a shin guard structure with braided composites. 
Table 7.1 Effective properties of ±45° braided composites computed by meso-scale unit cells. 
Material Property Value 
Longitudinal modulus, 𝐸11 (GPa) 24.78 
Transverse modulus, 𝐸22 (GPa) 24.76 
Through-thickness modulus, 𝐸33 (GPa) 8.38 
In-plane shear modulus, 𝐺12 (GPa) 16.63 
In-plane shear modulus, 𝐺13 (GPa) 2.33 
Out-of-plane shear modulus, 𝐺23 (GPa) 2.72 
Major Poisson's ratio, 𝜐12 0.85 
Major Poisson's ratio, 𝜐13 0.27 
Minor Poisson's ratio, 𝜐23 0.13 
Tensile strength, 𝑋𝑇 (MPa) 211.54 
Compressive strength, 𝑋𝐶 (MPa) 375 
 
Figure 7.4 describes assembling and boundary conditions with regard to flat and curved 
specimens in the impact attenuation test. The impactor was modelled as a rigid body with 
a lumped mass equal to the mass used in the experimental programme. The 3D stress 
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elements (C3D8R) were applied for composite layer. Similar to previous models, the 3D 
Hashin damage criteria and CDM-based damage-evolution law were used to model the 
damage appeared within composites and cohesive-zone damage law was applied for the 
interface elements. The composite plate was clamped so that the nodes at the composite 
layer’s periphery were fixed in all directions. A general contact algorithm was defined 
with appropriate contact-pair properties to represent the contact between the impactor and 
the composite-plate surface. In ABAQUS, the PORON® XRD™ foam could be regarded 
as hyperfoam material. The hyperfoam strain energy potential is given by Ogden function 
[6]:  
 𝑈 = ∑
2𝜇𝑖
𝛼𝑖
2 [𝜆1
𝛼𝑖 + 𝜆2
𝛼𝑖 + 𝜆3
𝛼𝑖 − 3 +
1
𝛽𝑖
(𝐽𝑒𝑙
−𝛼𝑖𝛽𝑖 − 1)]𝑁𝑖=1 . (7.2) 
In Ogden function, 𝜆𝑖 are the principal deviatoric stretches, 𝑁 is the order, 𝐽𝑒𝑙 is volume 
ratio, 𝜇𝑖 is a parameter for controlling initial material stiffness and 𝛼𝑖 is a parameter for 
controlling strain hardening behaviour. In literatures, parameters listed in Table 7.2 were 
chosen for PORON® cushioning foam. MEP or equivalent supporting silicone rubber can 
be regarded as isotropic material, with elastic modulus of 2.159 MPa and Poisson ratio of 
0.3. The bottom face of silicone rubber was pinned in FE model. Levels of initial velocity 
in the vertical direction were prescribed for the impactor, resulting in the corresponding 
impact energy of 4 and 6 J.  
 
Figure 7.4 Impact attenuation test model with flat (left) and curved (right) shin-guard 
structure. 
Table 7.2 Material input of PORON® XRD™ foam [6, 7]. 
Property 
Density 
(kg·m-3) 
𝜇1(GPa) 𝛼1 (GPa) 𝛽1 (GPa) 
Thickness 
(mm) 
value 240.28 0.620 34.46 0.04 2 
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Hence, in this study, the impact attenuation factors can be obtained both experimentally 
and numerically. The F-25 and C-45 models were validated with respective experimental 
results. Then, by changing material inputs, the effects of braiding angle and composite 
shape on impact attenuation could be discussed.  
 
7.3 Results and Discussion 
 
7.3.1 Interface Parameters Study 
 
According to previous chapters, delamination is a dominant energy-absorption 
mechanism during low-velocity impact. In numerical models, delamination prediction 
strongly depends on thresholds of interfacial strength and fracture energy. Figure 7.5(a) 
shows the effect of interface strength on specimen internal energy-time curves. Keeping 
fracture energy a constant value of 250 J/m2, a 20% increasing of interface strength leads 
to approximate 15% reduction of absorbed energy. Energy dissipated by delamination is 
shown in Figure 7.5(b), indicating that interfacial damage occurs chronologically earlier 
when interface strength threshold is smaller. Correspondingly, a larger delamination area 
is observed so that more energy is dissipated because of delamination propagation. 
 
Figure 7.5 Effect of varying interfacial strength on (a) specimen internal energy and (b) 
energy dissipated by delamination of braided composite plate under 3 J impact, time since 
moment of impact. 
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Moreover, with the same interfacial strength, effect of fracture energy is illustrated in 
Figure 7.6. When normal fracture energy increases from 220 J/m2 to 350 J/m2, absorbed 
energy is also observed to increase. However, when fracture energy rises to 450 J/m2, the 
lowest absorbed energy value is obtained, as shown in Figure 7.6(b). This is because the 
interface damage criterion has been reached, giving little opportunity for other energy 
dissipation mechanisms to operate. Moreover, after delamination initiation, the rate of 
energy dissipation (slope of curves) is smaller when fracture energy is larger. It can be 
explained by the liner evolution law of cohesive-element model. In the triangle traction-
displacement relationship, a larger fracture energy results in a larger final failure 
displacement (strength value is given) [8]. On the other hand, the failure displacement 
has its allowance according to stiffness of composite material. Therefore, in a reasonable 
range, increasing fracture energy is helpful to improve energy absorption of the interface; 
excessive fracture energy inhibits the rate of delamination propagation, leading to poor 
energy absorption [8, 9]. 
 
Figure 7.6 Effect of varying interfacial fracture energy on (a) internal energy and (b) energy 
dissipated by delamination of braided composite plate under 3 J impact. 
Applying an exhaust algorithm, a full contour of energy absorption can be mapped with 
regard to varying interfacial strength and fracture energy values, as shown in Figure 7.7. 
Area in red indicates the most energy dissipated during low-velocity impact, while blue 
area means less energy absorbed. From above parametric studies, it can be concluded that 
a weak interface with small strength is good to obtain better energy dissipation. 
Interfacial toughness is also crucial because brittle and strong interface dissipates less 
energy. However, in practical point of view, a poor interface adhesion is not acceptable 
because it leads to poor structure integrity. Therefore, as shown in Figure 7.7, an optimal 
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zone should be located in the area balancing with both reasonable energy-absorption 
capability and structure integrity. 
 
Figure 7.7 A map of absorbed energy with regard to varying interfacial strength and fracture 
energy. 
This case study has a guiding significance for design of fibre/epoxy interface properties. 
It was found that microscopic interfacial properties measured from micro-droplet test are 
directly proportional to those measured from macro-mechanical testing of scale-up 
composite panels [10]. As discussed in microscopic study of interface (see Chapter 3), a 
moderate surface treatment can enhance interface adhesion and fracture toughness by 
roughening the surface of carbon fibre with functional groups. However, fracture 
toughness is probably deteriorated by excessive oxidisation of carbon fibre. Therefore, 
correlated with Figure 7.7, an optimal surface treatment plan of carbon fibre/epoxy 
interface can be suggested. This case study demonstrates the capability of simulation as a 
powerful tool in product design and optimisation.  
 
7.3.2 Impact Attenuation of Shin-guard Structure 
 
The predicted responses of braided composite specimens to impact attenuation test were 
compared with experimental data. Figure 7.8 shows normalised acceleration-time history 
of F-25 specimens obtained in impact attenuation test. The maximum normalised 
acceleration is around 49.79±1.60 and 63.56±3.57 of gravity with respect to impact 
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energy of 4J and 6J, respectively. It can be seen that numerical results agree well with 
testing data in terms of peak acceleration value and duration time.  
 
Figure 7.8 Normalised acceleration-time diagrams obtained in impact attenuation test and 
numerical simulation under impact energy of (a) 4 J and (b) 6 J. The flat ±25° braided composite 
specimens were used. 
In addition, Figure 7.9 shows the acceleration evolution of C-45 specimens obtained in 
impact attenuation test and simulations. The vibration of tested data is mainly because 
curved specimen is not perfectly symmetrical and difficult to be fully clamped. However, 
the overall trend of predicted curve agrees well with experimental observations and the 
peak accelerations of 32.69±1.59 and 34.98±0.78 of gravity are captured when impact 
energy are 4 and 6 J, respectively. Higher impact energy results in larger maximum 
acceleration during impact. The impact duration time of curved specimen is longer than 
that of flat plates. Generally, the comparisons effectively validate FE models of impact 
attenuation test. 
 
Figure 7.9 Normalised acceleration-time diagrams obtained in impact attenuation test and 
numerical simulation under impact energy of (a) 4 J and (b) 6 J. The curved ±45° braided 
composite specimens were used. 
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By applying the multi-scale approach, four types of shin-guard specimens with different 
shapes and braiding angles, namely F-25, F45, C-25 and C-45, are modelled systemically. 
The predicted 𝐺𝑚𝑎𝑥 values are presented in Figure 7.10. It is obvious that 𝐺𝑚𝑎𝑥 of flat 
specimen is larger than curved specimen. For the same impact energy levels, specimens 
made of ±25° bi-axial braided composite have greater 𝐺𝑚𝑎𝑥 values. A greater 𝐺𝑚𝑎𝑥 value 
means less energy absorbed by the shin-guard structure. 
 
Figure 7.10 Predicted 𝐺max values of shin-guard structures (F-25, F-45, C-25 and C-45) under 
impact energy of 4 and 6 J, respectively. 
Furthermore, predicted results of impact attenuation test are listed in Table 7.3 and 7.4 
with regard to impact energy of 4 J and 6 J, respectively. According to these data, shin-
guard structure made of ±45° bi-axial braided composite show a better shock attenuation 
performance with a lower impact attenuation factor and larger absorbed energy. The 
shape of specimen affects the deformation of shin-guard structures. For flat plates, 45° 
composite plates have larger deflection than 25° ones under equivalent impact. However, 
for the curved samples, an opposite trend is noticed.  
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Table 7.3 Summary of predicted results of shin-guard structure under 4 J impact. 
Specimen Shape 
Braiding 
Angle/ °  
𝐺𝑚𝑎𝑥 / g   
Impact 
Attenuation 
Factor 
Maximum 
Deflection
/ mm 
Energy 
Absorbed by 
Composite/ J 
Flat  
25 53.69 2.63 3.91 0.76 
45 51.48 2.52 3.98 0.88 
Curved  
25 36.19 1.77 4.84 0.89 
45 35.75 1.75 4.82 0.93 
Backing Material   20.43 1.00 `   
Table 7. 4 Summary of predicted results of shin-guard structure under 6 J impact. 
Specimen Shape 
Braiding 
Angle/ °  
𝐺𝑚𝑎𝑥 / g   
Impact 
Attenuation 
Factor 
Maximum 
Deflection
/ mm 
Energy 
Absorbed by 
Composite/ J 
Flat  
25 69.33 2.70 4.57 1.31 
45 67.01 2.61 4.64 1.35 
Curved  
25 35.82 1.40 6.43 1.35 
45 34.54 1.35 5.02 1.52 
Backing Material   25.64 1.00 `   
 
In order to visualise the effect of shock attenuation, pressures on the surface of 
composites and backing material are measured respectively using FUJI pressure 
measurement films. The numerical contours are plotted with similar monochromatic 
scales. As shown in Figure 7.11, pressure on the surface of composite shell is 
concentrated to the impact point. It is believed that the magnitude exceeds the upper limit 
of measurement film. Beneath the shin-guard structure, the pressure is weakened and re-
distributed uniformly in a relative large area, which is attributed to the hyperealstic 
backing material as an effective energy absorber. Shock attenuation is observed more 
notable in curve-shaped group, which is consistent with that curved specimens have 
smaller 𝐺𝑚𝑎𝑥 value.  
 
Delamination area can be evaluated easily with the FE method, as shown in Figure 7.12. 
The shapes of delamination are clearly influenced by architecture of braided patterns, 
specifically bradding angles. With the same impact energy, delamination area of ±45° bi-
axial braided composite is larger than that of ±25° composite. For F-25, delamination 
symmetrically initiates around impact point and mainly propagates along longitudinal 
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direction due to the difference of stiffness between longitudinal and transverse directions. 
For F-45, stiffness in longitudinal and transverse direction is nearly identical, making 
delamination propagate uniformly to each direction. This trend is also noticed in curved 
specimens, although delamination is restricted by the deformation of curved composite 
structure. Therefore, more energy absorbed by delamination makes contributions to better 
impact attenuation for ±45° bi-axial braided composites. 
 
Figure 7. 11 Pressure distributions on the surfaces of composite layer and backing materials 
measured in experiments and FE models. 
 
Figure 7. 12 Delamination contours of specimens: (a) F-25-4J, (b) F-25-6J, (c) C-25-4J, (d) F-
45-4J, (e) F-45-6J and (f) C-45-4J. 
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Besides interface damage, impact energy is also dissipated by internal damage of 
composite plate. Figure 7.13 presents damage contours of matrix failure in flat samples. 
The main damage mode for composite layers is matrix failure in tension. On the front 
surface, matrix cracking can be attributed to compaction process, and the failure 
distribution obviously depends on braiding patterns. On the rear face, matrix failure is 
severer than that of front surface due to larger tensile stress. In F-25 cases, such tensile 
stresses are much larger in longitudinal direction than transverse ones; the matrix-failure 
pattern is therefore presented along longitudinal direction. This phenomenon is also 
observed in curved composites model. As shown in Figure 7.13(f), for C-45 case, matrix 
failure in tension is along longitudinal direction because curved specimen is difficult to 
bend in transverse plane.  
 
Figure 7. 13 Contours of matrix failure in tension on the front and rear faces of specimens: (a)-
(b): F-25-6J; (c)-(d): F-45-6J and (e)-(f): C-45-6J, respectively. 
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7.4 Summary 
 
This Chapter introduced two case studies applying the multi-scale modelling approach. In 
the first case, the drop-weight model incorporated with cohesive zone theory was used to 
investigate the effects of interface strength and fracture energy on delamination and 
energy absorption behaviour of braided composites. The results show that with increase 
of interface strength, interface damage is hindered so that less energy is dissipated during 
impact. On the other hand, weak interface leads to poor structure integrity although it has 
advantages in energy absorption. Using the numerical method, fracture energy can be 
designed in an optimal zone to balance structure integrity and energy absorption of 
braided composites. Hence, the modelling capability provides guidelines for surface 
treatment of fibre and interface modification. 
 
Moreover, a real shin-guard structure was modelled including composite layer and liner 
foam. The impact models were first validated with impact attenuation tests of flat plate 
and shin-guard specimen made of braided composites. Then, a systemically numerical 
study takes braiding angle and structural shape into account. The braiding angle and 
structural shape can be easily modified with meso- and macro-scale geometries, thanks to 
the multi-scale modelling hierarchy. The results show that shin-guard structure with ±45° 
bi-axial braided composite layer has better performance with regard to shock attenuation 
and energy absorption. The impact attenuation is achieved by redistribution of load and 
the dissipation of energy through delamination and matrix failure. 
 
These two case studies demonstrate that the multi-scale modelling approach can meet the 
requirements of product design for sports protection. By modifying features of 
constituents, the performance of braided composites can be predicted instead of 
experimental attempts. Conversely, numerical results provide guidelines for optimisation 
of structures and properties of constitutive material in different length scales. Through 
two case studies, the multi-scale modelling results give further insights of braided 
composites’ behaviours and principles. 
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Chapter 8 Conclusions and Future Work 
 
Conclusions and Future Work 
 
This chapter summarises main achievements, findings and 
conclusions of this thesis. In this thesis, a series of FE models for 
braided textiles-reinforced composites is developed considering 
realistic geometries and different length scales. The computational 
accuracy of the multi-scale modelling approach is improved from 
micro-scale model. These models are highly effective and 
computationally efficient when dealing with static and dynamic 
problems. These models are able to predict strength values and failure 
modes, as well as impact resistance and energy absorption of braided 
composites. Experiments conducted in this thesis not only provide 
validations for FEM study, but also unveil typical damage 
mechanisms of braided composites under both static and dynamic 
loading. Finally, guidelines for product design in sports use to achieve 
better energy absorption and attenuation capability were provided 
based on studies in this thesis. Moreover, some suggestions and 
opportunities were also presented as prospective work. More 
advanced computational mechanics are needed in the future to 
develop to increase modelling accuracy without losing efficiency.  
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8.1 Conclusions 
 
In this thesis, a multi-scale modelling capability of braided composites was developed, 
including micro-scale (individual fibres, matrix and their interface), meso-scale (fibre 
yarns and bi-axial braided pattern) and macro-scale (composite plates and structures for 
sports application). In order to improve the effectiveness and accuracy of the finite-
element models, relevant experimental studies were carried out at the same time, which 
involved damage of braided composites subjected to static and low-velocity impact 
loading. On one hand, this thesis is devoted to enhance the analysis ability of braided 
composites for sports application; on the other hand, this thesis also focuses on advanced 
mechanics of braided composites. Main achievements and findings of this thesis are 
discussed below, and arranged in response to the three main problems to be investigated 
that were briefed in Section 1.2. 
 
8.1.1 From Constitutive Materials to Meso-scale Unit Cell of Braided Composites 
 
To develop and validate the multi-scale models of braided textiles reinforced composites, 
the accuracy of input data should be guaranteed from micro-scale model and above. 
Therefore, material properties of carbon fibre and epoxy are the most fundamental inputs 
for the multi-scale modelling approach. Taking A-42 carbon fibre and EPR-L20 epoxy as 
examples, characterisations of constitutive materials were systemically carried out. The 
longitudinal tensile strength of individual carbon fibre showed the gauge-length-
dependence phenomenon as results of mis-oriented crystallites and flaws in the carbon 
fibre. The tensile strength (𝜎𝑓𝑡1) of carbon fibre decreased from 3.8 GPa to 2.1 GPa, 
when gauge length increased from 5 to 200 mm. Moreover, the longitudinal compressive 
strength (𝜎𝑓𝑐1), longitudinal shear modulus (𝐺𝑓12) and transverse Young’s modulus (𝐸𝑓22) 
of the carbon fibre were determined by tensile recoil method, torsional pendulum test and 
nano-indentation technique, respectively. The tensile strength (𝜎𝑡𝑚), modulus (𝐸𝑚) and 
in-plane shear strength (𝜏𝑚) of epoxy were determined, respectively. The microbond tests 
were carried out to obtain the interfacial properties between single carbon fibre and 
epoxy, including the apparent interfacial shear strength (𝐼𝐹𝑆𝑆𝑎𝑝𝑝) and interfacial fracture 
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toughness (𝐺𝐼𝑐). This study is designed to fill the gap and the results can serve as reliable 
references for further investigation of the carbon fibre or as inputs in multi-scale 
simulation of fibrous composites. These test methodologies are applicable for the 
characterisation of other types of fibrous materials as well. 
 
Numerical studies were carried out at the micro-scale RUC of the fibre yarns, using 
properties of constitutive materials. The effective properties of fibre yarns were 
successfully simulated and used as inputs for the meso-scale models. In meso-scale 
model, a realistic geometrical model was developed taking interlacing yarns, braiding 
angle and global fibre volume fraction into consideration. It was easy to modify these 
geometrical parameters and regenerate meso-scale RUCs.  
 
8.1.2 Damage Analysis of Braided Composites 
 
Regardless of length scale of FE models, damage analysis suitable for braided composites 
are still under investigation since their failure behaviours are complicated and failure 
modes can vary under different loading conditions. In this thesis, the PFA was developed 
for braided structures.  
 
Specifically, tensile behaviour of braided composites was successfully predicted in meso-
scale model. The computed global stress-strain curve was in good agreement with the 
experimental data. In addition, response of braided composites to bending was also 
studied with this FE models and virtual tests. These studies validated that the Hashin’s 
3D criteria with the instantaneous stiffness degradation method, incorporated in a 
USDFLD user-subroutine, was suitable for damage analysis of braided composites under 
tensile and flexure loading. Furthermore, the effect of braiding angle on the tensile 
response of braided composites was investigated. When braiding angles was around 15°, 
the composite damaged catastrophically because of fibre breakage. If the braiding angles 
ranged from 20° to 45°, matrix damage and matrix/yarn debonding dominated the stress-
strain response of braided composites before fibre rupture. Large braiding angles (50°-
60°) resulted in higher failure strains of braided composites under tension. This was 
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attributed to progressive failure of matrix in yarns as well as in the pure matrix area. 
Hence, increasing braiding angle leads to a preference of matrix-dominated failure under 
axial tension and this effect will cause a reduction in the ultimate strength and Young’s 
modulus.  
 
Moreover, explicit simulations were developed to study a response of braided composites 
to low-velocity impact using ABAQUS/Explicit with the VUMAT subroutine. In this 
macroscopic model, the Hashin failure criteria associated with continuum stiffness 
degradation was used, while cohesive-zone model was applied to simulate interface 
delamination between composite layers. The damage-evolution mechanics was based on 
a modified orthotropic energy-based CDM approach, with damage variables depending 
on an equivalent stress-displacement relationship. The simulated results were verified by 
the original experimental data from drop-weight tests in which impact energy levels 
ranged from 3 J to 9 J. According to this study, the overall response of braided 
composites under impact was better captured with FE method than before, including such 
features as BVID, impact force, duration, maximum displacement and residual properties 
of targets. The obtained results showed that both surface- and element-based cohesive-
zone models could be applied as interface between composite layers. The global 
responses were effectively obtained without much difference from these two approaches. 
When shell elements were used as composite plies, the absorbed energy was 
underestimated. The ECZ model with 3D stress elements provided more precise results 
for the delamination areas and energy dissipation capacity, at a higher computational cost. 
The main damage mechanisms of braided composites under low-velocity impact were 
delamination, matrix failure and, uniquely for the braided composite, inter-yarn 
debonding.  
 
Furthermore, this thesis also presented reasonable modelling capabilities associated with 
experiments to investigate the response of braided composite plate to repeated impacts, 
which have never been attempted before. The computed results showed reasonable 
agreements with the original experimental data in terms of peak load, absorbed energy 
and damage accumulation after each impact. The numerical results showed that 
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delamination initiated and propagated more significantly at the first impact than 
subsequent impacts. Delamination area finally tended towards a saturate value. 
Meanwhile, the experimental results showed that material responses to repeated impacts 
are strongly depended on normalised impact energy. A slow damage accumulation 
process was observed when normalised impact energies were relative low (𝐸𝑖/𝐸𝑝 ≤ 0.25, 
where the normalised impact energy can be defined as the ratio of impact energy and 
perforation threshold energy  𝐸𝑖/𝐸𝑝  for a given material). With an increasing impact 
number, bending stiffness decreased in a slow and constant rate. Almost the same amount 
of energy was dissipated for each impact. On the other hand, repeated impacts with larger 
normalised impact energy (𝐸𝑖/𝐸𝑝 > 0.3) induced a rapid damage accumulation. More 
energy was dissipated because of severe matrix damage. The impact bending stiffness 
and peak load dropped dramatically. In addition, damage accumulation of braided 
composites associated with different failure modes was summarised.  
 
8.1.3 Energy Absorption and Attenuation of Braided Composites 
 
The numerical and experimental studies presented in this thesis also provided guidelines 
for product design to achieve better energy absorption and attenuation capability in sports 
use.  
 
First, the drop-weight model incorporated with cohesive zone theory was used to 
investigate the effects of interface strength and fracture energy on delamination and 
energy absorption behaviour of braided composites. The results showed that with 
increasing of interface strength, interface damage was hindered so that less energy was 
dissipated during impact. On the other hand, weak interface leaded to poor structure 
integrity although it had advantages in energy absorption. Using numerical method, 
fracture energy could be designed to obtain an optimised energy absorption of braided 
composites without losing structure integrity. The conclusions were consistent with 
results of microscopic experiments on fibre/epoxy interface, showing that, the adhesion 
of fibre/epoxy interface was improved whereas the over-oxidation damaged interfacial 
toughness after surface treatment of carbon fibre with mixed acid. The improvement of 
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interface adhesion was attributed to functional group bonding and surface roughening. It 
was also notable that strong acid etching, due to excessive surface treatment (over 30 
min), brought severe surface flaws and decrement of both filament’s tensile strength and 
interfacial fracture toughness. In the specific case studied, the surface treatment time of 
15 min was deemed optimal for balancing an improvement of strength with good 
interfacial energy dissipation.  
 
Second, a real shin-guard structure was modelled including composite layer and liner 
foam. The impact models were first validated with impact attenuation test of flat plate 
and shin-guard specimen made of braided composites. Then, a systemically numerical 
study took braiding angle and structural shape into consideration. The braiding angle and 
structural shape could be easily modified with meso- and macro-scale geometries, thanks 
to the multi-scale modelling hierarchy. The results showed that shin-guard structure with 
±45° bi-axial braided composite layer had better performance with regard to shock 
attenuation and energy absorption. The impact attenuation was achieved by redistribution 
of load and the dissipation of energy through delamination and matrix failure. 
 
These two case studies demonstrated that the multi-scale modelling approach could 
satisfy the requirements of product design for sports protection. By modifying features of 
constituents, the performance of braided composites could be predicted instead of 
conducting experiments. Hence, numerical results provided guidelines for optimisation of 
structures and properties of constitutive material in different length scales.  These two 
studies also illustrated that the multi-scale modelling method offered further insights of 
braided composites’ behaviours and principles. 
 
8.2 Future Work 
 
8.2.1 Improvement of Damage Model with Advanced Fracture Mechanics 
 
Although damage modelling of braided composites shows its complexities in many 
aspects, the improvement of modelling techniques is generally driven by two purposes. 
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One is to account for all the physical phenomena observed in experiments in FE 
modelling; the other is to resolve numerical limitations of the FE method and balance its 
efficiency and accuracy. 
 
In order to enhance accuracy of damage modelling for braided composites, extensive 
efforts were made in recent few years [1-7]. In terms of advanced damage mechanics, 
more failure modes observed in experiments were included in prediction models. For 
instance, recently, nonlinear problems of textile composites were considered in many 
advanced studies. In experimental observations, two reasons of nonlinearities can be 
identified: a geometrical nonlinearity caused by a fabric structure and a material 
nonlinearity caused by micro-cracks evolving in the material inducing a loss of stiffness, 
indicating that the nonlinearity is related to progressive failure of the material. The CDM 
approach generally uses a damage parameter characterizing the damage evolution 
responsible for the loss of stiffness due to micro-cracks. The nonlinearity can be also 
considered as macroscopic behaviour of the material independently from damage 
evolution [3]. Besides the nonlinear problem, many other failure modes, such as failure in 
out-of-plane directions, yarns/matrix interface, shear failure modes, etc, should be 
carefully addressed with advanced models of mechanics. 
 
In addition, one of the problems associated with these attempts is reduction of the 
computational efficiency. Generally, micro- and meso-scale models of braided 
composites pose certain constraints for industrial designers with regard to strict efficiency 
and cost limitations. Therefore, it is quite crucial to balance the accuracy and efficiency 
of damage-evolution modelling for complex structures such as braided composites. In 
current studies, simple failure criteria and arbitrary degradation models were applied to 
reduce the computational time. The choice of failure analysis methods was also flexible. 
For example, debonding at the yarn/matrix interface was usually not considered in micro- 
and meso-scale models under tensile loading to avoid convergence problems. Instead, 
delamination was one of important failure modes in bending or low-velocity impact 
modelling. Moreover, 3D solid elements were widely used in meso-scale analysis 
because of orthotropic stress states, and shell elements were applied when homogeneous 
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models were developed for whole composite structures. Therefore, more future work 
should be carried out to increase accuracy, on the one hand, and to reduce computational 
cost and convergence problems, on the other. 
 
The recent progress in FE modelling techniques could also improve computational 
performance. In this area, advanced meshing techniques were suggested and comparison 
studies with different boundary conditions were conducted [5-7]. Although many 
modelling attempts reported results consistent with experimental data, they are not 
universally applicable to all the braided structures. So, further studies are also needed to 
analyse the effect of braiding parameters, with more types of fabric architectures and 
complicated loading conditions in the future. 
 
8.2.2 Improvement of the Multi-scale Modelling Approach 
 
With development of the multi-scale modelling approach, another key problem for 
improving the accuracy of FE simulations is a link between micro- and meso-scale 
models. In a multi-scale approach, micro- and meso-scale models are usually carried out 
subsequently. Outputs of the microscopic model, including effective material properties 
of yarns, are commonly regarded as inputs for the meso-scale model [8]. In some studies 
[4, 9], a correlation between mesoscale tow stresses and microscale constituent stresses 
was established with the concept of a stress amplification factor (SAF). Similarly, Schultz 
and Garnich [10] proposed a multi-continuum technology (MCT) and successfully 
predicted the initial matrix failure of a 0°/±45° tri-axially braided composite. The MCT 
provided a way to link the results provided by the meso-scale and macro-scale models 
with a good computational efficiency.  
 
Moreover, both micro- and meso-scale models can be developed with the GMC method. 
A comparison of meso- and micro-scale approaches to modelling progressive damage in 
plain-weave-reinforced polymer-matrix composites was carried out by Bednarcyk et al. 
[11]. However, the FE results were considerably mesh-dependent because of softening 
present in the damage model. More advanced studies of mechanical properties of 3D 
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braided composites were considered to include some microscopic effects, such as defects 
[12]. However, the effect of internal defects on the strength was not clear. Döbrich et al. 
[13] combined a micro-scale character of a reinforcing textile with a meso-scale RUC; 
this is not common due to higher computational efforts compared with multi-scale 
approaches. Multi-scale modelling approach needs accurate material property inputs from 
micro-scale; hence, it is very important to build a material database/ library.  
 
In sum, more advanced analytical approaches should be carried out to connect scales in 
multi-scale models since behaviour of braided composites is affected significantly by 
their micro- and meso-scale geometries. 
 
8.2.3 Advanced Studies for Sports Application 
 
As discussed, extensive studies have been carried out to clarify the properties and 
performance of braided composites. And the modelling of braids has provided useful 
information to enhance damage prediction and product design. However, considering 
requirements for sports application, many efforts are still needed in the future.  
 
To begin with, more studies should pay attention to improve energy absorption capability 
of braided composites. This can be achieved by designing new impact-attenuation 
structures, new braided architectures, new material systems and even explore advanced 
mechanisms with respect to energy dissipation. In addition, more test techniques, related 
to different sports occasions (aquatic events, high-velocity impact, etc.) or different types 
of equipment (helmets, hock sticks, fishing rod, bicycles, etc.), are highly demanded. The 
usage of braided composites should be comprehensively evaluated.  
 
Moreover, more interdisciplinary research must be carried out. Besides material science, 
design of protective product is also depended on our knowledge of impact injury for 
various body parts, strength of bones, influence of age, effect of 'pulse length', severity 
index, and the head injury criterion, etc. Moreover, the applications of braided 
composites are also based on development of proper manufacturing techniques. The 
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design of products made of braided composites should also meet requirements in sports 
science of view. For instance, weight-impact attenuation ratio is always used to evaluate 
performance of shin-guard considering both physical property and experience of players 
[14].  
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